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ABSTRACT OF DISSERTATION 
 
 
 
 
RELATIONSHIPS BETWEEN TELOMERIC SEQUENCES AND STRUCTURES, 
DNA REPLICATION, AND THE FUNCTION OF THE WERNER SYNDROME 
PROTEIN 
 
 
All human chromosomes end with protective structures called telomeres, which 
consist of thousands of double-stranded TTAGGG repeats and end in a 3’ 
guanine-rich overhang.  These structures shorten normally during each round of 
replication, and extremely short telomeres along with telomere dysfunction are 
thought to contribute to the development of aging and cancer.  Although many 
proteins have roles in telomere maintenance, WRN, which is a 3’ to 5’ helicase 
that is deficient in the premature aging disorder Werner’s syndrome, has been 
proposed to play multiple roles at telomeres.  In this study, I focus on the effect 
of telomeric sequences and/or structures formed during DNA replication or 
recombination and how WRN functions at these sites.  This study suggests that 
WRN may promote proper replication of telomeres by accurately aligning 
telomeric sequences during replication fork regression, potentially the first step 
in responding to a blockage, such as DNA damage.  However, even in the 
presence of WRN, replication of telomeric sequences is difficult, possibly due to 
the ability of G-rich sequences to form secondary structures such as G-
quadruplexes.  I demonstrate that the translesion polymerase pol η, as well as a 
variety of other polymerases, is unable to synthesize past an intramolecular G-
quadruplex formed from telomeric sequence on the template strand.  
Furthermore, in physiological salt concentrations, WRN favors binding and 
unwinding a structure that mimics a strand invasion intermediate over other 
similar structures especially when it possesses G-telomeric sequence.  In 
addition, WRN promotes unwinding of these structures in a direction that would 
promote additional annealing and strand invasion, supporting a role for WRN in 
promoting telomeric recombination and formation of a T-loop, a proposed 
protective structure specific to telomeres.  Overall, the data suggest that 
telomeres may pose problems in replication due to the G-rich, repeating nature 
of the structures, while WRN may aid in promoting proper replication at these 
and other replication blocks.  Furthermore, WRN may play a role in promoting 
additional formation of T-loops and other telomeric recombination, thus 
supporting the relationship of WRN, telomere maintenance, and potentially 
development of certain aging characteristics. 
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CHAPTER 1 
 
INTRODUCTION 
 
WERNER SYNDROME 
 
Otto Werner first described the rare premature aging disease, Werner 
Syndrome (WS), in 1904 [Werner 1904], and since its discovery, only 1100 
affected individuals have been discovered worldwide [Goto, Miller et al. 1996], 
with most of the cases occurring in the Japanese population [Goto 1997].  WS is 
an autosomal recessive disorder due to defects in a single gene product, WRN 
[Yu, Oshima et al. 1996; Matsumoto, Shimamoto et al. 1997].  WS patients 
prematurely develop several characteristics of normal human aging, including 
graying hair and baldness, cataracts, atherosclerosis, diabetes, and 
osteoporosis [Epstein, Martin et al. 1966; Goto, Miller et al. 1996; Goto 1997].  
As compared to cancers that arise during normal aging, WS is more closely 
associated with mesenchymal-derived malignancies [Goto, Miller et al. 1996; 
Goto 1997]. As opposed to other progerias, individuals with WS develop 
normally during childhood but begin exhibiting these characteristics in early 
adulthood, typically perishing by their late forties [Epstein, Martin et al. 1966; 
Goto 1997].  Since the external phenotype is developed after normal growth as a 
result of a single defective protein, WS is often used as a simplified model of 
human aging.  
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WRN FUNCTIONS IN GENOME AND TELOMERE MAINTENANCE 
 
In addition to the dramatic external phenotype, WRN deficiency leads to 
several genomic anomalies that suggest the WRN protein functions in DNA 
metabolism.  Most notably, WS cells are characterized by genomic instability 
[Salk, Au et al. 1981; Goto, Miller et al. 1996], suggesting WRN normally 
suppresses illegitimate recombination.  Further examination of WRN-deficient 
cells revealed they are particularly sensitive to nucleotide depletion by 
hydroxyurea and DNA damaging agents that block replication, including 
interstrand crosslinkers and topoisomerase inhibitors [Lebel and Leder 1998; 
Pichierri, Franchitto et al. 2001; Poot, Yom et al. 2001].  Even in the absence of 
exogenous agents, WS cells undergo an extended S-phase [Fujiwara, 
Higashikawa et al. 1977; Takeuchi, Hanaoka et al. 1982; Poot, Hoehn et al. 
1992; Goto, Miller et al. 1996], indicative of difficult replication in the absence of 
WRN.  
 
Although WRN may function in genome-wide maintenance, WRN 
localizes to telomeres during S phase [Crabbe, Verdun et al. 2004; Opresko, 
Otterlei et al. 2004], suggesting WRN plays a specific role at telomeres.  WS 
cells, which possess a reduced replicative lifespan compared to controls, are 
able to continue dividing with expression of telomerase, an RNA-based reverse 
transcriptase that adds additional telomeric repeats to telomere ends [Greider 
and Blackburn 1985; Greider and Blackburn 1987; Kruk, Rampino et al. 1995; 
Schulz, Zakian et al. 1996; Wyllie, Jones et al. 2000].  Additional evidence 
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linking WRN to telomeres arose during development of the WS mouse model.  
WRN deficient mice have no discernable phenotype [Lombard, Beard et al. 
2000], likely due to extremely long murine telomeres (40 kb).  However, 
elimination of telomerase for several generations drastically shortens the mouse 
telomeres; late generation (G4-G6) Tert-/-WRN-/- mice display a phenotype 
similar to human WS including a decreased lifespan, short stature, graying and 
loss of hair, osteoporosis, and cataracts [Chang, Multani et al. 2004; Du, Shen et 
al. 2004].  Cells derived from these mice had shorter telomeres when compared 
to age-matched telomerase-deficient mice [Chang, Multani et al. 2004], 
indicating WRN may prevent excessive telomere loss.   
 
TELOMERE STRUCTURE AND FUNCTION 
 
 Telomeres are specialized structures found at linear chromosome ends 
[McClintock 1941; Szostak and Blackburn 1982].  Human telomeres consist of 5-
15 kb of the non-coding repeating sequence, TTAGGG/AATCCC [Moyzis, 
Buckingham et al. 1988; de Lange, Shiue et al. 1990] and protect the important 
internal genetic code.  Although the majority of telomeric sequence exists in 
double-stranded form, telomeres end in a 3’ overhang of the G-rich strand 
[Greider and Blackburn 1987; Henderson and Blackburn 1989; McElligott and 
Wellinger 1997].  A proteinaceous structure normally protects telomere ends 
[van Steensel, Smogorzewska et al. 1998; Veldman, Etheridge et al. 2004].  
These protective proteins involved are collectively termed shelterin, which 
includes the telomere-specific double-stranded DNA binding proteins TRF1 and 
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TRF2, the single-stranded G-rich telomere binding protein POT1, as well other 
interacting proteins (RAP1, TIN2, and TPP1) (Figure 1.1A) [Zhong, Shiue et al. 
1992; Bilaud, Brun et al. 1997; Broccoli, Smogorzewska et al. 1997; Baumann 
and Cech 2001; de Lange 2005].  The protective nature of shelterin proteins 
may stem from T-loops, a specialized telomere end structure identified in 
mammalian cells [Griffith, Comeau et al. 1999].  These structures, which also 
may represent recombination intermediates, are generated with assistance by 
TRF2 [Stansel, de Lange et al. 2001] by invasion of the 3’ telomeric overhang 
into the double-stranded repeats (Figure 1.1B).  By concealing the free telomere 
terminus, T-loops likely protect telomere ends from being recognized as a 
double-strand break by DNA repair proteins.  The G-rich sequences of 
telomeres may also fold into additional structures, including G-quadruplexes, a 
secondary structure that readily forms in vitro in the presence of K+ or Na+ 
through Hoogsteen interactions [Wang and Patel 1993; Xu, Noguchi et al. 2006; 
Phan, Kuryavyi et al. 2007].  G-quadruplexes have been confirmed to exist 
within Stylonychia lemnae and Saccharomyces cerevisiae [Schaffitzel, Berger et 
al. 2001; Zhang, Tong et al. 2010].  Although G-quadruplexes have not been 
observed in human cells, more than 300,000 sites capable of forming G-
quadruplexes have been identified within the human genome, with many of 
these located at telomeres [Huppert and Balasubramanian 2005; Huppert and 
Balasubramanian 2007].  These structures likely form in single-stranded G-rich 
regions generated during replication and/or recombination or at the 3’ telomeric 
single-stranded overhang [Tang, Kan et al. 2008; Lipps and Rhodes 2009].  
 5 
 
Figure 1.1  Protective telomere-specific proteins and structures.  A) 
Shelterin proteins bound to telomeric sequence.  The G-rich lagging strand is 
indicated in red, and the C-rich leading strand is indicated in black.  B) T-loop 
structure with shelterin proteins.  The G-rich lagging strand is indicated in red, 
and the C-rich leading strand is indicated in black. 
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TELOMERE LENGTH AND PROTECTION DETERMINES CELL FATE 
 
Telomere length correlates with replicative capacity of human fibroblasts, 
and further correlations exist between in vitro replicative potential and donor age 
[Allsopp, Vaziri et al. 1992; Yang, Suwa et al. 2001].  Therefore, telomere length 
and functionality are believed to contribute to aging and cancer (Figure 1.2).  
Germ cells and most cancer cells possess an active form of telomerase, which 
adds additional repeats to the telomere ends [Greider and Blackburn 1985; 
Greider and Blackburn 1987], virtually immortalizing these cells [Greider and 
Blackburn 1985; Allsopp, Vaziri et al. 1992; Shay and Bacchetti 1997].  
Conversely, somatic cells possess very low levels of telomerase and therefore, 
are unable to extend telomeres to a great extent [Harley, Futcher et al. 1990].  
Along with insufficient telomerase activity, cells are unable to completely 
replicate the total length of the chromosome, also known as the “end replication 
problem,” and thus, telomeres shorten with each normal round of replication 
[Watson 1972; Harley, Futcher et al. 1990].  Following many rounds of 
replication, telomeres eventually shorten to a length at which chromosome end 
is no longer protected, perhaps due to the inability to form a protective structure, 
such as a T-loop.  Once telomeres reach this limit, also known as the Hayflick 
limit, cells are unable to continue dividing [Hayflick 1965].  Telomeres are likely 
replicated unidirectionally [Gilson and Geli 2007], indicating fork stalling and 
collapse within telomeres may lead to large telomere deletions and accelerated 
telomere shortening.  These shortened, unprotected chromosome ends are 
recognized by the cell as a double strand break, and through activation of ATM 
 7 
 
Figure 1.2  Telomere length hypothesis and aging/cancer. 
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and p53, cell cycle arrest occurs [Chin, Artandi et al. 1999; Denchi and de Lange 
2007].  In a similar manner, TRF2 loss and subsequent telomere deprotection on 
long telomeres induces a DNA damage response [van Steensel, Smogorzewska 
et al. 1998; Takai, Smogorzewska et al. 2003; Veldman, Etheridge et al. 2004].  
In many arrested cells, apoptosis results; however, fibroblasts undergo 
senescence, an irreversible state during which the cell is unable to divide or 
function in a normal capacity [Hayflick 1976].  Senescent (and apoptotic) cells 
accumulate in aging individuals [Dimri, Lee et al. 1995], suggesting these cells 
may reduce the capacity for tissues to function properly [Campisi 2005]. 
Therefore, the process of telomere erosion and subsequent loss of functional 
cells may lead to the development of aging characteristics.   
 
Even though unprotected telomeres generally lead to cell cycle arrest, 
inactivation of p53 and Rb can allow cells to escape arrest and continue dividing 
(Figure 1.2) [Shay, Wright et al. 1991].  These cells enter crisis, a cellular state 
of extremely shortened telomeres and numerous telomere abnormalities 
including telomere-telomere chromosomal fusions [Wright and Shay 1992; Shay 
and Wright 2005].  Although the majority of cells in crisis undergo apoptosis, 
approximately 1 in every 10 million cells escape crisis by activating telomerase 
or other telomere-lengthening pathways to become immortal [Wright and Shay 
1992; Shay, Van Der Haegen et al. 1993].  With these cells possessing a 
method for extending telomeres as well as inactivated tumor suppressors p53 
and Rb, they are capable of becoming tumorigenic [Wright and Shay 1992].   
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In addition to the end-replication problem, difficulties encountered during 
telomere metabolism may contribute to the development of aging and/or cancer.  
In particular, problematic replication may lead to accelerated loss of telomere 
sequence. Especially when replicating repeating sequences, the replication 
machinery may “slip” by essentially losing its frame along the sequence, an 
event that may lead to a telomeric sequence deletion [Streisinger, Okada et al. 
1966; Kunkel 1986].  However, more severe events of telomere loss may occur 
as a result of replication fork collapse at sites of fork-blocking DNA damage or 
secondary structures [Betous, Rey et al. 2009].  Without a converging fork at 
telomeres [Gilson and Geli 2007], fork collapse prevents synthesis of the entire 
telomere and thus can result in telomere loss [Chavez, Tsou et al. 2009].  
Similar to replication, homologous recombination may contribute to sequence 
loss if homologous sequences are aligned in an incorrect frame.  Excessive and 
stochastic telomere loss can accelerate telomere shortening and prematurely 
generate unprotected telomeres.  However, even long telomeres can become 
dysfunctional as a consequence of T-loop loss [van Steensel, Smogorzewska et 
al. 1998; Takai, Smogorzewska et al. 2003; Veldman, Etheridge et al. 2004].  
Regardless of the mechanism, unprotected telomeres lead to the activation of 
cell-cycle checkpoints and senescence or apoptosis, potentially contributing to 
aging (Figure 1.2).  Further illegitimate recombination of these dysfunctional 
telomeres, in addition to inactivation of tumor suppressors, may lead to 
tumorigenesis (Figure 1.2).  Since WRN is proposed to play a role in telomere 
metabolism, we propose WRN promotes proper replication, recombination, 
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and/or end protection as a mechanism to maintain telomere stability and protect 
against aging and cancer.  
 
THE WERNER SYNDROME PROTEIN, WRN 
 
On the molecular level, WS is an autosomal recessive disease caused by 
defects in a single gene product, WRN [Yu, Oshima et al. 1996].  Most of the 
WRN mutations identified generate mutant proteins that lack the nuclear 
localization signal; therefore, these mutant WRN proteins are degraded in the 
cytoplasm and do not enter the nucleus where their function is performed 
[Matsumoto, Shimamoto et al. 1997; Goto, Yamabe et al. 1999; Moser, Kamath-
Loeb et al. 2000; von Kobbe and Bohr 2002].  This 162 kDa protein is a member 
of the RecQ helicase family, which includes proteins deficient in other premature 
aging and cancer-prone disorders such as BLM (deficient in Bloom syndrome) 
and RecQ4 (deficient in Rothmund-Thomson syndrome) (Figure 1.3) [Ellis, 
Groden et al. 1995; Yu, Oshima et al. 1996; Kitao, Shimamoto et al. 1999].  As 
opposed to humans, which possess five RecQ proteins, lower eukaryotes, such 
as Saccharomyces pombe (Rqh1) and Saccharomyces cerevisiae (Sgs1), only 
possess a single RecQ protein (Figure 1.3) [Watt, Louis et al. 1995; Stewart, 
Chapman et al. 1997].   
 
All members of the RecQ family possess seven highly conserved amino 
acid sequence motifs (Figure 1.3) [Karow, Wu et al. 2000], and it is this region 
that binds and hydrolyzes ATP to drive a 3’ to 5’ helicase activity [Gray, Shen et 
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Figure 1.3  RecQ helicase family of proteins. 
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al. 1997].  Specifically, WRN unwinds duplex regions of complex structures such 
as D-loops, three-way junctions, Holliday junctions, replication forks, and flaps 
[Mohaghegh, Karow et al. 2001; Brosh, Waheed et al. 2002; Orren, Theodore et 
al. 2002; Opresko, Sowd et al. 2009], but the protein also disrupts the 
Hoogsteen interactions of G-quadruplexes [Fry and Loeb 1999; Mohaghegh, 
Karow et al. 2001].  Similar to WRN, BLM readily unwinds Holliday junctions, 
forks, and D-loops in addition to G-quadruplexes [Mohaghegh, Karow et al. 
2001; Bachrati, Borts et al. 2006].  In contrast to unwinding, WRN promotes 
annealing of two complementary strands at a significantly faster rate than occurs 
in the absence of protein [Machwe, Xiao et al. 2005].  Even though it seems 
contradictory for a single protein to possess unwinding and strand annealing 
activities, WRN coordinates these activities to perform strand exchange and fork 
regression [Machwe, Xiao et al. 2005; Machwe, Xiao et al. 2006; Machwe, Xiao 
et al. 2007].  Regression, which involves concurrent annealing of homologous 
daughter strands and parental strands, is proposed to be the first response to 
stalled replication forks, allowing repair and replication restart [Machwe, Xiao et 
al. 2006; Machwe, Xiao et al. 2007].  In addition, WRN is the only human RecQ 
protein that possesses a nuclease domain that confers a 3’ to 5’ exonuclease 
activity [Shen, Gray et al. 1998].  Consistent with a role in telomere metabolism, 
WRN functionally interacts with the shelterin proteins, TRF2 and POT1 
[Opresko, von Kobbe et al. 2002; Machwe, Xiao et al. 2004; Opresko, Mason et 
al. 2005].  WRN also interacts with the main lagging strand polymerase, pol δ 
[Kamath-Loeb, Loeb et al. 2001; Nick McElhinny, Gordenin et al. 2008].  
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Therefore, the evidence presented here is consistent with a WRN function in 
telomere metabolism. 	  
	  
RESEARCH OBJECTIVES 
 
 WS is characterized by genomic instability as well as sensitivity to DNA 
damaging agents that block replication, strongly supporting a WRN role in 
genomic maintenance.  However, in recent years, much of the evidence points 
to WRN also functioning in telomere metabolism.  Consistent with a role in 
telomere replication and/or recombination, WRN localizes to the telomeres 
during S phase, potentially through a functional interaction with the shelterin 
proteins TRF2 and POT1, which enhance WRN’s helicase and/or exonuclease 
activity.  Telomere loss, potentially resulting from inefficient replication in the 
absence of WRN, likely leads to the premature senescence of WS cells in 
culture since telomerase expression extends their replicative lifespan.  The 
influence of telomeres on aging is also evident in the WS mouse model, which 
required several generations of murine telomere shortening to develop a WS 
phenotype.  In addition to the telomere aspects of WRN deficiency, WRN 
possesses efficient catalytic activities on several replication or recombination-
related structures, suggestive of a biochemical role in these processes.  In the 
present study, I wished to more closely examine the role of the WRN protein in 
several aspects of telomere maintenance.  The specific hypothesis of this work 
was that WRN helps maintain telomere stability by its involvement in the 
promotion of proper and efficient replication and/or recombination.  Proper 
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telomere metabolism may be particularly valuable at telomeres, due to several 
unique elements of telomeric sequences.  Telomeres are G-rich, and thus are 
capable of forming G-quadruplexes, while the repetitive nature allows for strand-
slippage and misalignment during replication and/or recombination.  Specialized 
T-loop structures and the binding of telomere-specific proteins may also act as 
barriers for replication.  Furthermore, in the event of fork blockage due to DNA 
damage or one of these elements, the unidirectional nature of telomere 
replication may lead to telomere loss.  Thus, I investigated potential roles of 
WRN in telomere replication and recombination, by primarily examining WRN’s 
action on several telomere metabolism-related structures.   
 
 Telomeres are G-rich, and thus are capable of forming G-quadruplexes, 
particularly within single-stranded regions generated during replication and/or 
recombination.  The lagging strand is likely to develop single-stranded regions 
between Okazaki fragments, making this G-rich strand particularly susceptible to 
intramolecular G-quadruplex formation.  Different types of template modifications 
are known to have an impact on polymerase progression, with most studies 
examining DNA damage.  While replicative polymerases are often blocked by 
DNA damage, the main function of translesion polymerases is to bypass these 
fork-blocking lesions.  However, I investigated the possibility that compact 
secondary structures like G-quadruplexes may also block the progression of 
polymerases and thus replication.  In this study, I initially determined conditions 
under which intramolecular G-quadruplexes are formed and stabilized.  
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Subsequently, I studied how these structures impacted polymerase progression 
and mutation formation.  
 
 WS cells are sensitive to DNA damaging agents that block or stall 
replication, suggesting WRN promotes proper replication.  Consistent with a role 
in responding to blocked replication forks, WRN performs in vitro fork regression, 
the proposed initial response to blocked replication forks.  During regression, 
WRN coordinates its helicase and annealing activities to simultaneously pair the 
newly synthesized complementary daughter strands while also annealing the 
parental strands, generating a Holliday junction (see Figure 3.4A), an event that 
allows repair and proper resumption of replication.  Particularly due to the lack of 
bidirectional replication, telomeres may be particularly sensitive to fork blockage 
at DNA damage or G-quadruplexes, making proper replication especially critical 
to prevent sequence loss.  Furthermore, repeating sequences such as telomeres 
may become misaligned during regression, potentially leading to insertions or 
deletions following additional processing.  By properly aligning repeating 
sequences during replication fork regression, WRN may enhance replication 
efficiency.  In this study, I analyzed the fidelity of WRN-mediated fork regression 
within telomeric and dinucleotide repeating sequences using multiple methods of 
detecting repeat alignment.  
 
 The genomic and telomere instability in WS cells also suggest WRN may 
suppress illegitimate recombination.  Homologous recombination (HR) is often 
utilized as a high fidelity mechanism in the repair of collapsed replication forks, 
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double-strand breaks, or other replication errors.  Genomic instability is also 
observed in diseases that result from HR defects [van Gent, Hoeijmakers et al. 
2001], suggesting that HR may be deficient in WS.  However, homology-based 
strand invasion also occurs in other areas of telomeres, including during T-loop 
formation.  These specialized structures, which are generated by a 
recombination-like mechanism involving invasion of the G-rich 3’ overhang into 
homologous duplex repeats, are proposed to protect the ends of linear 
chromosomes from being recognized as a double-strand break.  WS cells exhibit 
signs of telomere dysfunction, indicating WRN may function in telomere-end 
protection.  As mechanisms to prevent telomere dysfunction, WRN may 
suppress illegitimate recombination by promoting telomeric HR and T-loop 
development.  In this study, I focused on WRN’s role at a single recombination-
related structure that mimics a strand invasion intermediate.  Initially, I compared 
WRN’s helicase activity on a model strand invasion intermediate to other similar 
structures at physiological salt concentrations.  To directly study a telomeric role 
of WRN, I examined how inclusion and placement of telomeric sequences 
influenced WRN-mediated unwinding of these model strand invasion 
intermediates.  Finally, since these studies were carried out in physiological 
conditions that favor formation of G-rich secondary structures, I investigated the 
impact G-quadruplexes and guanine hairpins have on WRN’s helicase activity 
related to model strand invasion intermediates.  
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In this study, I addressed the following topics: 
 
Chapter 2—The effect of G-quadruplexes on DNA polymerase progression 
 
Chapter 3—Fidelity of WRN-mediated regression of model replication forks with 
repeating sequences 
 
Chapter 4—Recombination-related structural preference of WRN at 
physiological salt concentrations 
 
Chapter 5—Telomeric sequence specificity of recombinational intermediates of 
WRN at physiological salt concentrations 
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CHAPTER 2 
 
THE EFFECT OF G-QUADRUPLEXES ON DNA POLYMERASE 
PROGRESSION 
 
INTRODUCTION 
 
 Telomeres as well as other G-rich sequences present numerous 
difficulties for the replication machinery.  In addition to the repeating nature and 
unique structural aspects, mammalian telomeres are composed of G-rich 
TTAGGG repeats that possess the potential to form G-quadruplex structures.  
G-quadruplexes are highly compact secondary structures that can form by the 
interaction of four runs of at least three guanine bases.  Specifically, Hoogsteen 
interactions between the N2, N7, N1 and O6 positions among four guanine bases 
form a G-quartet, a structure stabilized by a monovalent cation such as K+ or 
Na+ (Figure 2.1A), and stacking of at least three G-quartets forms a G-
quadruplex (Figure 2.1B).  Furthermore, G-quadruplexes exist in a variety of 
forms defined by the number of strands involved; intermolecular G-quadruplexes 
form from the interaction of two or more strands and intramolecular G-
quadruplexes are formed by the interaction of a single strand, both of which are 
stable secondary structures (Figure 2.1C) [Lipps and Rhodes 2009].   
 
 Although G-quadruplexes are readily formed in vitro by a variety of G-rich 
sequences, including the Fragile X syndrome associated CGG repeats [Fry and 
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Figure 2.1  G-quadruplex structure.  A) Structure of a G-quartet in the 
presence of a monovalent cation (M+).  Hydrogen-Hoogsteen bonding indicated 
by red dashes.  B) Structure of an intramolecular G-quadruplex, consisting of 
three planar G-quartets.  C) Classifications of G-quadruplexes based on the 
number of strands involved. 
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Loeb 1994; Kettani, Kumar et al. 1995], the c-myc promoter sequence [Searle, 
Williams et al. 2004], and the human telomeric sequence [Wang and Patel 1993; 
Phan, Kuryavyi et al. 2007; Xu, Ishizuka et al. 2009], these structures have not 
yet been proven to exist in vivo in human cells.  However, evidence indicates 
that G-quadruplexes form in other organisms, including Saccharomyces 
cerevisiae [Zhang, Tong et al. 2010] and the macronuclear telomeres of the 
ciliated protozoan Stylonychia lemnae [Schaffitzel, Berger et al. 2001].  
Importantly, researchers have identified more than 376,000 sites, concentrated 
in gene promoters and telomeres, within the human genome exhibiting the 
potential to form G-quadruplexes [Huppert and Balasubramanian 2005; Huppert 
and Balasubramanian 2007].  Since duplex DNA appears unlikely to 
spontaneously dissociate in favor of G-quadruplex formation, these structures 
are likely to form primarily within single stranded regions such as the 3’ 
overhang at telomeres or those that form during transcription, replication, or 
recombination [Lipps and Rhodes 2009].  Importantly, within these single-
stranded regions, intramolecular G-quadruplexes, as opposed to intermolecular, 
are the likely secondary structure to form [Tang, Kan et al. 2008; Lipps and 
Rhodes 2009].   
 
 Stable secondary structures, such as intramolecular G-quadruplexes, 
may impede replication.  Strongly indicating replication difficulties at G-rich 
telomeric sequences, human telomeres develop double-strand breaks 
dependent upon replication, thus resembling fragile sites [Sfeir, Kosiyatrakul et 
al. 2009].  Specifically within telomeres, replication fork stalling by G-
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quadruplexes may lead to telomere instability and subsequent apoptosis or 
senescence, similar to characteristics associated with WS.  In fact, more double 
strand breaks occurred following treatment with a G-quadruplex stabilizing 
ligand in cells lacking the translesion polymerases pol η or pol κ, not only 
indirectly suggesting the existence of G-quadruplexes in vivo, but also implying 
these structures inhibit replication [Betous, Rey et al. 2009].  In vitro biochemical 
experiments showed a bimolecular G-quadruplex on the template strand inhibits 
pol δ, the main polymerase in lagging strand synthesis [Kamath-Loeb, Loeb et 
al. 2001].  Although these results are valid, an intramolecular G-quadruplex is 
considered to most likely form in vivo [Tang, Kan et al. 2008; Lipps and Rhodes 
2009].  Therefore, in these studies, I set out to test what effect a unimolecular G-
quadruplex formed from human telomeric sequence on the template strand 
would have on a wide range of human and non-human polymerases.  In these 
experiments, I tested not only replicative DNA polymerases but also translesion 
DNA polymerases that are widely thought to function in response to stalled 
replication.  
 
METHODS 
 
Enzymes.  T4 polynucleotide kinase and the polymerases Kexo- and T4 DNA 
polymerase were purchased from New England Biolabs (Ipswich, MA).  Human 
polymerase δ was provided as a gift from Guo-Min Li (University of Kentucky).  
All other polymerases used in this chapter, including human polymerase η, S. 
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cerevisiae polymerase η, human polymerase κ, human polymerase β, and 
polymerase µ were acquired from Enzymax (Lexington, KY). 
 
DNA substrates.  PAGE-purified DNA oligonucleotides were obtained from 
Integrated DNA Technologies (Coralville, IA).  Sequences of all oligos are shown 
in Table 2.1.  Importantly, the oligos 4xGGG and ext-4xGGG contain four human 
telomeric repeats, and thus, four runs of guanine bases.  However, 3xGGG 
contains only three human telomeric repeats (three runs of guanine bases) and 
is not capable of forming an intramolecular G-quadruplex.  The oligo 4xGGG22 
containing most of the telomeric template region of 4xGGG and ext-4xGGG was 
a gift from Mike Fried (University of Kentucky).  To generate the substrates 
used, 4xGGG22 and primer oligos P31 and P34 were 5’ radiolabeled using 32P-γ-
ATP and T4 polynucleotide kinase.  Radiolabeled strands were run through Mini 
Quick Spin Oligo Columns (Roche, Indianapolis, IN) to remove unincorporated 
ATP.  Hereafter, radiolabeled strands are indicated by asterisks.  Labeled 
primer/template substrates were produced by annealing 3xCCC, 3xGGG, 
4xGGG, or ext-4xGGG to *P31 or *P34 (Figure 2.2) in 50 mM Tris (pH 8.0) and 
10 mM MgCl2 by heating to 90°C and slow cooling to room temperature.  The 
substrates were then further purified by native PAGE (10%), excised, and eluted 
in 10 mM Tris (pH 8.0) containing 10 or 25 mM NaCl.   
 
Dimethyl sulfate protection assay.  In 0-75 mM KCl, *4xGGG22 (1.75 nM) was 
heat denatured at 90°C and slow cooled to room temperature to promote G-
quadruplex formation.  Samples were treated with 0.5% dimethyl sulfate (DMS)  
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Table 2.1  Oligonucleotides used to construct primer/template substrates.  
  
 
 
 
 
 
 
 
 
 
Primers
Templates
Other
P31
5’-CACTGACTCCAGGAACTGGAGGATGCCTAGG-3’
P34
5’-CACTGACTCCAGGAACTGGAGGATGCCTAGGTAA-3’
3xCCC
5’-TAACCCTAACCCTAACCCTAACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
3xGGG
5’-TTAGGGTTAGGGTTAGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
4xGGG
5’-AGGGTTAGGGTTAGGGTTAGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
ext-4xGGG
5’-CATTTCATTTTAGGGTTAGGGTTAGGGTTAGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
4xGGG
5’-AGGGTTAGGGTTAGGGTTAGGG-3’
22
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Figure 2.2  Primer/template substrates.  To generate primer/template 
substrates, a template strand (4xGGG, ext-4xGGG, or 3xGGG) is annealed to a 
*P31 or *P34 (not shown) 5’ radiolabeled primer strand.  The sequence of 
4xGGG22 (top), which is capable of forming an intramolecular G-quadruplex, 
was used as a model for the single-stranded template of 4xGGG/*P31 and ext-
4xGGG/*P31.  Conditions that favor (or disfavor) G-quadruplex formation are 
indicated.  These conditions do not significantly alter the structure of the control 
3xGGG/*P31 and 3xCCC/*P31 (not shown) templates (also see Figure 2.4A-B). 
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(Sigma-Aldrich; St. Louis, MO) in extension buffer (40 mM Tris-HCl (pH 8.0), 1 
mM MgCl2, 5 mM dithiothreitol, 100 µg/mL bovine serum albumin (BSA), 0.1% 
NP40, and 250 µM ATP) in 0-75 mM KCl at room temperature for 10 min, and 
the reaction was stopped by addition of 250 mM β-mercaptoethanol and 375 
mM sodium acetate (pH 7.0).  DNA from each sample was collected by standard 
ethanol precipitation using yeast tRNA (10 µg) as a carrier.  The resulting pellet 
was resuspended in 10% piperidine (Sigma), incubated at 90°C for 30 min, and 
the liquid was removed using vacuum evaporation.  The samples were 
resuspended in 10 mM Tris (pH 8.0) and an equal volume of formamide loading 
buffer (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05% 
xylene cyanol) was added.  To facilitate comparison between samples, equal 
amounts of radioactivity in individual samples were electrophoresed on a 
denaturing polyacrylamide (14%) gel.  DNA fragments were visualized using 
Storm 860 Phosphorimager and ImageQuant software (GE Healthcare).   
 
DNA structure assessment by native PAGE.  3xCCC/*P31, 4xGGG/*P31, and 
3xGGG/*P31 (200 pM) were incubated in 75 mM KCl or LiCl at 25°C for 1 h to 
allow for secondary structure formation and 1/6 volume of acrylamide running 
dyes (30% glycerol, 0.25% xylene cyanol, 0.25% bromophenol blue) was added.  
DNA structures were electrophoresed by native PAGE (15% acrylamide, 37.5:1) 
at room temperature in 1x TBE (0.45 M Tris, 0.45 M boric acid, 10 mM EDTA) 
containing either 75 mM KCl or LiCl in both the gel and running buffer.  Labeled 
DNA products were visualized as described above. 
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Primer extension assay.  Primer/template substrates (3xCCC/*P31, 
4xGGG/*P31, ext-4xGGG/*P31, 3xGGG/*P31, 3xGGG/*P34, or ext-
4xGGG/*P34) (0.2-0.4 nM) were treated with a polymerase (Kexo-, T4 DNA 
polymerase, human polymerase δ, human polymerase η, S. cerevisiae 
polymerase η, human polymerase κ, human polymerase µ, or human 
polymerase β) at the concentrations indicated in extension buffer with 75 mM 
KCl or LiCl and 100 µM dNTP’s.  Reactions were incubated for 5-30 min at 18-
37°C with one or more dNTP’s and/or in a stepwise manner as specified in the 
Results.  An equal volume of formamide loading buffer was added to stop 
reactions.  Samples were heat denatured and analyzed by denaturing PAGE 
(14%).  Products resulting from extension of the radiolabeled primer strand were 
visualized as indicated above. 
 
RESULTS 
 
Formation and stability of telomeric intramolecular G-quadruplex 
structures.  G-quadruplexes are formed by the interactions of four runs of three 
or more guanines by weak Hoogsteen bonding in the presence of K+ or Na+ 
(Figure 2.1; Figure 2.3A).  These compact secondary structures are capable of 
forming from telomeric repeats or other G-rich sequences and may block 
polymerases during DNA replication.  In fact, a bimolecular G-quadruplex 
involving the template strand inhibits human DNA polymerase δ in vitro [Kamath-
Loeb, Loeb et al. 2001].  However, without a second G-rich single-stranded DNA 
molecule, intermolecular G-quadruplexes are unlikely to form during replication, 
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Figure 2.3  Template sequence of 4xGGG/*P31 forms an intramolecular G-
quadruplex.  A) Formation of an intramolecular G-quadruplex from single-
stranded DNA containing four GGG runs.  Conditions that impact formation and 
dissociation of G-quadruplexes are indicated.  B) To detect G-quadruplex 
formation, a DMS protection assay was performed on *4xGGG22, in extension 
buffer conditions containing 0 or 75 mM KCl.  Products resulting from cleavage 
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at unmethylated guanine bases are analyzed by denaturing PAGE.  Length of 
resulting DNA fragments are indicated on the left.  C) Control (3xCCC/*P31 and 
3xGGG/*P31) or test (4xGGG/*P31) primer/template substrates were incubated 
in 75 mM KCl or LiCl for 1 hr at 25°C.  Migration of these substrates was 
analyzed on native PAGE (15%) containing 75 mM KCl or LiCl in the gel matrix 
and running buffer.  The red line indicates migration of primer/template 
substrates with an unstructured template.  D) Primer extension assays were 
performed by incubating human pol η (0.05-0.26 nM in KCl or 0.10-1.0 nM in 
LiCl) with 3xGGG/*P31 or 4xGGG/*P31 (0.3 nM) in extension buffer containing 
75 mM KCl or LiCl at 37°C for 5 min.  Heat-denatured primer strands were 
separated and visualized after denaturing PAGE.   Positions of partial extension 
products indicating polymerase blockage are highlighted (between red lines).   
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while intramolecular G-quadruplexes can easily form by self-association within 
these regions.  During lagging strand synthesis, numerous single-stranded 
regions are generated between Okazaki fragments, making the lagging strand 
particularly susceptible to secondary structures. Importantly, the telomeric 
lagging strand is G-rich, providing the potential for intramolecular G-quadruplex 
formation during replication.  Here, the effect of an intramolecular G-quadruplex 
on the template strand during synthesis using a variety of DNA polymerases was 
examined.   
 
 It was first necessary to confirm that the template strand of these 
primer/template substrates formed an intramolecular G-quadruplex.  A variety of 
methods historically used to detect G-quadruplex formation were utilized here, 
including the dimethyl sulfate (DMS) protection assay, PAGE analysis using 
primer/template substrates, and polymerase extension assays in conditions that 
favor G-quadruplex formation versus conditions that disfavor G-quadruplexes.   
 
The DMS protection assay is based on the Maxam-Gilbert sequencing 
protocol.  DMS methylates the N7 position of guanine bases, but not guanines 
involved in a G-quadruplex structure [Sen and Gilbert 1988; Balagurumoorthy 
and Brahmachari 1994] (see Figure 2.1A).  The DNA backbone is randomly 
cleaved by piperidine at methylated guanines generating a ladder-like pattern of 
radiolabeled DNA fragments when analyzed on a denaturing gel [Maxam and 
Gilbert 1980].  Thus, guanines involved in a G-quadruplex structure remain 
unmethylated and no backbone cleavage occurs at those positions [Williamson, 
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Raghuraman et al. 1989].  The oligonucleotide *4xGGG22 is capable of forming a 
G-quadruplex in the presence of K+ since it contains four runs of three guanine 
bases.  Therefore, the DMS assay was performed on *4xGGG22 at 25°C in 
extension buffer without KCl or with 75 mM KCl, and the resulting patterns of 
DNA fragments were compared.  In the absence of KCl, bands corresponding to 
DNA fragments cleaved at each guanine base were generated, indicating all 
guanine bases were methylated and no G-quadruplex structure was formed 
under these conditions (Figure 2.3B, lane 1).  Conversely, these bands were 
dramatically reduced in the presence of K+ (lane 2), clearly indicating a loss of 
DMS methylation at these guanines and suggesting telomeric sequence 
containing four G runs forms a G-quadruplex structure in the presence of 75 mM 
KCl, a concentration even lower than the physiological K+ concentration (140-
150 mM) [Thier 1986].  Although this sequence has the potential to form an 
intramolecular G-quadruplex, it is notable that this assay cannot differentiate 
between inter- and intramolecular G-quadruplexes.  Analysis by circular 
dichroism (CD) revealed this oligonucleotide forms an intramolecular G-
quadruplex in 100 mM KCl (Figure 5.6C) (also see Chapter 5 for more details). 
 
 In addition to the DMS protection assay, other methods to examine 
potential G-quadruplex formation were also used.  DNA structure analysis using 
native PAGE allows differentiation of intra- and intermolecular G-quadruplexes.  
Intramolecular G-quadruplexes materialize from interaction of a single molecule, 
generating a more compact structure that migrates faster in a native 
polyacrylamide gel than single-stranded DNA [Henderson, Hardin et al. 1987; 
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Williamson, Raghuraman et al. 1989].  Intermolecular G-quadruplexes also form 
a compact structure, but are composed of two or more strands and thus migrate 
at a slower rate compared to single-stranded DNA [Sen and Gilbert 1988; 
Sundquist and Klug 1989].  Therefore, to determine the nature of the G-
quadruplex I was working with, the migration of several primer/template 
substrates was analyzed on native PAGE using differing monovalent cation 
buffer conditions in both the sample and electrophoresis buffers.  I used buffers 
containing KCl, which promotes and stabilizes G-quadruplexes, or LiCl, which 
favors unstructured DNA (Figure 2.3A) [Williamson, Raghuraman et al. 1989].  
Although the duplex regions of all primer-template substrates were identical in 
length and sequence, the single-stranded template region of the test substrate 
4xGGG/*P31 contains four runs of guanines (as for *4xGGG22) and maintains 
the potential to form an intra- or intermolecular G-quadruplex in buffers 
containing K+ (Figure 2.3A).  Conversely, the substrate 3xCCC/*P31 entirely 
lacks guanines within the single-stranded template, ruling out the formation of 
any type of G-quadruplex, and also lacks self-complementarity, excluding 
development of other Watson-Crick secondary structures.  Another comparative 
control, the 3xGGG/*P31 substrate, contains three guanine runs in the single-
stranded template; this design eliminates the possibility of an intramolecular G-
quadruplex, although the multiple template strands could potentially associate to 
form an intermolecular G-quadruplex. Therefore, primer-template substrates 
were incubated and electrophoresed by native PAGE in buffers containing either 
75 mM KCl or LiCl to observe changes in electrophoretic mobility that would 
indicate formation of a G-quadruplex (Figure 2.3C).  The relative migration 
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positions of both partial duplex control substrates, 3xCCC/*P31 (lanes 3, 7) and 
3xGGG/*P31 (lanes 4, 8), were essentially identical to one another and 
unchanged in KCl versus LiCl.  The substrate 4xGGG/*P31 migrated to a similar 
position as the control substrates in the presence of LiCl (lane 6), strongly 
indicating the template exists in single-stranded form under these conditions.  
However, in KCl, the 4xGGG/*P31 substrate migrated at a faster rate than either 
of the control substrates (compare lanes 2-4), suggesting that its single-stranded 
template region, which is actually 4 nt longer than either control template, forms 
a compact structure.  The faster migration of the 4xGGG/*P31 substrate 
specifically in KCl, along with use of low DNA concentrations that disfavor 
intermolecular interactions [Williamson, Raghuraman et al. 1989], strongly 
suggests that the sequence forming the template strand folds into an 
intramolecular G-quadruplex.  These results also suggest the G-quadruplex 
detected in Figure 2.3B likely existed in a unimolecular form.   
 
 To further examine the secondary structure of the 4xGGG/*P31 template, 
which is capable of forming an intramolecular G-quadruplex, polymerase 
extension of the template sequence was examined.  Using a range of human pol 
η concentrations, I performed the primer extension assay at 37°C on the control 
substrate 3xGGG/*P31 or 4xGGG/*P31 in 75 mM KCl or LiCl (Figure 2.3D).  
Extension of the labeled primer strand (31 nt) by human pol η was examined by 
denaturing PAGE.  In KCl (lanes 2-4), human pol η fully extended (52 nt) the 
control template 3xGGG/*P31 (lanes 2-4), a result that is indicative of an 
unstructured, single-stranded template.  In LiCl, the control template, 
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3xGGG/*P31, was only partially extended (31-51 nt) at lower human pol η 
concentrations (lanes 5-6), but full extension (52 nt) was observed at greater 
polymerase concentrations (lanes 7-8).  However, considering LiCl disfavors G-
quadruplex formation, incomplete extension of the control template was likely a 
result of reduced polymerase activity in LiCl rather than polymerase blockage.  
In a similar manner to the control template, 4xGGG/*P31 was extended to 
completion (56 nt) in LiCl at the greatest human pol η concentration (lane 16), 
while production of partial extension products (32-55) correlated with reduced 
polymerase activity (lanes 13-15).  However, the extension pattern was 
drastically different in KCl, conditions that favor G-quadruplex formation (lanes 
10-12).  Specifically, the most prominent bands observed are 34 and 35 nt in 
length, corresponding to extension of the primer by 3 and 4 nt, respectively, up 
to the first GGG run that would be involved in a presumed intramolecular G-
quadruplex structure.  Notably, some full extension (56 nt) was observed 
especially with increasing polymerase concentrations.  Taken together with 
previous DMS and native PAGE analyses (Figure 2.3B-C), these results further 
confirm that the single-stranded region of the template strand of 4xGGG/*P31 
folds into an intramolecular G-quadruplex in KCl, while the template of 
3xGGG/*P31 that contains only three GGG runs, remains in single-stranded 
form under either buffer condition.  
 
 The presence of both truncated and fully extended products in primer 
extension assays performed on the 4xGGG/*P31 substrate with higher pol η 
concentrations at 37°C in 75 mM KCl (Fig. 2.3D, lanes 11 and 12) suggested 
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that its template region might exist in dynamic equilibrium between 
intramolecular G-quadruplex and unfolded states.  To better understand 
formation and stability of these intramolecular G-quadruplexes before continuing 
these studies with DNA polymerases, I investigated the effects of two 
parameters known to affect G-quadruplex stability--i.e., temperature and 
monovalent cation (K+) concentration [Lee, Okumus et al. 2005].  First, the 
effect of temperature (18°C vs. 37°C) on human pol η extension of the G-
quadruplex-forming substrate, 4xGGG/*P31, was compared with the control 
substrate, 3xGGG/*P31 (Figure 2.4A).  Human pol η completely extended 
3xGGG/*P31 (52 nt) at 18°C (lanes 2-3) and 37°C (lanes 4-5), with temperature 
having little effect on polymerase activity.  Assays with G-quadruplex forming 
4xGGG/*P31 substrate (lanes 6-10) exhibited a markedly different pattern and a 
pronounced temperature effect.  At 37°C, 4xGGG/*P31 was extended 1-4 nt (32-
36 nt), indicating polymerase blockage at an intramolecular G-quadruplex (lanes 
9-10).  However, particularly at the greatest human pol η concentration, a large 
percentage (54%) of fully extended product (56 nt) was also generated (lane 
10).  At a G-quadruplex stabilizing temperature (18°C), a greater percentage of 
4xGGG/*P31 indicated G-quadruplex blockage (32-35 nt) (lanes 7-8), and less 
full extension (56 nt) was observed (18%) (lane 8).  These results strongly 
suggest that the template region of the 4xGGG/*P31 substrate is in dynamic 
equilibrium between its unfolded single-stranded state and an intramolecular G-
quadruplex structure, with the latter being much more favored at 18°C compared 
to 37°C.  With very little extension occurring at temperatures that favor G- 
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Figure 2.4  Effect of temperature and KCl concentration on G-quadruplex 
stability.  A) To determine the effect of temperature on G-quadruplex stability, 
primer extension assays were performed at 18°C and 37°C.  Human pol η (0.26-
0.51 nM at 18°C or 0.10-0.26 nM at 37°C) was incubated with 3xGGG/*P31 or 
4xGGG/*P31 (0.3 nM) each in extension buffer with 75 mM KCl for 5 min.  B) To 
examine G-quadruplex stability in KCl, Kexo- (2.5-25 U/L) was incubated with 
3xCCC/*P31 or 4xGGG/*P31 (0.2 nM) each in extension buffer with and 50 or 
100 mM KCl at 37°C for 5 min.  For both panels, positions of partial extension 
products indicating polymerase blockage are highlighted (between red lines) and 
the first four nucleotides of the template and relevant product sizes are indicated 
at right.   
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quadruplex formation (18°C), these results indicate that polymerization by 
human pol η is essentially blocked at intramolecular G-quadruplexes. 
 
To further examine G-quadruplex stability, polymerase extension at a 
range of K+ concentrations was also studied.  Similar to lower temperatures, 
greater KCl concentrations support stable G-quadruplex structure [Lee, Okumus 
et al. 2005].  To evaluate the effect of K+ concentration on the template 
structure, extension of 4xGGG/*P31 and the unstructured substrate 
3xCCC/*P31 was compared at 37°C in 50 mM or 100 mM KCl by Kexo-, a more 
processive polymerase than human pol η (Figure 2.4B).  The control 
3xCCC/*P31 primer was readily extended in 50 (lanes 2-4) and 100 mM KCl 
(lanes 6-8), with higher levels of fully extended products (52 nt) occurring as 
Kexo- concentrations increased, although polymerase activity was somewhat 
reduced at the higher KCl concentration.  In contrast, on the 4xGGG/*P31 
substrate, there was evidence of G-quadruplex-mediated blockage of Kexo- 
(across the range of enzyme concentrations) as well as a substantial effect of 
KCl concentration on this blockage (lanes 10-12, 14-16).  In 50 mM KCl at the 
highest Kexo- concentration, a large percentage (46%) of 4xGGG/*P31 was 
extended to completion (56 nt) although a substantial fraction (37%) of blocked 
products (34-35 nt) was observed (lane 12).  However, at the same Kexo- 
concentration in 100 mM NaCl, a much higher level (68%) of blockage was 
evident (lane 16).  While the decrease in complete extension at greater KCl 
concentrations may, in part, result as a consequence of a reduced polymerase 
activity under these conditions, previously reported evidence regarding the 
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stability of G-quadruplexes in K+ [Lee, Okumus et al. 2005] along with the primer 
extension results presented in Figure 2.4B support the view that intramolecular 
G-quadruplexes formed by 4xGGG/*P31 are more favored in 100 mM KCl 
compared to 50 mM KCl.  Along with the evidence presented in Figure 2.4A, 
these results suggest the template region of 4xGGG/*P31 exists in a dynamic 
equilibrium between an unstructured single strand and an intramolecular G-
quadruplex.  Lower temperatures and greater KCl concentrations shift that 
equilibrium towards G-quadruplex formation and stability.  Furthermore, the 
results presented here indicate not only human pol η, but also the more 
processive Kexo-, fully extend unstructured templates but strongly pause at an 
intramolecular G-quadruplex on the template strand. 
 
Intramolecular G-quadruplex blockage not limited to human pol η.  
Although the previous results with human pol η (and Kexo-) were significant, 
organisms possess a variety of DNA polymerases that may be capable of 
bypassing intramolecular G-quadruplexes.  These include polymerases involved 
in processive synthesis of long DNA tracts (such as Kexo-, T4 DNA polymerase, 
and human pol δ) or more distributive DNA polymerases involved in bypass of 
damaged DNA or DNA repair (including pol η, pol κ, pol µ, and pol β) (Table 
2.2).  Therefore, in addition to human pol η, the effect of an intramolecular G-
quadruplex in the template on extension by other polymerases was also 
investigated.  Here, I used the G-quadruplex-forming 4xGGG/*P31 (template 
strand 56nt in length) as well as a new substrate, ext-4xGGG/*P31 (template 
strand 67nt in length), which is identical to 4xGGG/*P31 except for an 11 nt 5’  
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Table 2.2  Description of polymerases used. 
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extension of random sequence on the template strand.  Extension on the control 
3xGGG/*P31 substrate compared to a G-quadruplex-forming substrate, either 
4xGGG/*P31 or ext-4x-GGG/*P31, was examined using increasing polymerase 
concentrations in 75 mM KCl (Figure 2.5).  The reaction temperature (25-37°C) 
and times (5-60 min) were varied (as indicated in Figure 2.5) to optimize 
extension for each polymerase.  The reaction conditions (5-10 min at 37°C) were 
similar for all polymerases except human pol µ and human pol β.  As expected 
from earlier experiments, Kexo- extended the control template, 3xGGG/*P31, to 
completion (52 nt) in a manner related to enzyme concentration (lanes 7-8).  In 
contrast, when ext-4xGGG/*P31 substrate was utilized, the major products 
observed (34-35 nt) suggested blockage of Kexo- by the G-quadruplex, even 
though low amounts of longer and fully extended (67 nt) products were observed 
with their levels and lengths correlating to polymerase concentration (lanes 2-3).  
When the replicative T4 DNA polymerase was employed, I mainly observed full 
extension of the control primer but also some shorter (<31 nt) products reflecting 
degradation of the primer strand (lanes 13-14) by the established 3’ to 5’ 
exonuclease activity of T4 DNA polymerase [Doetsch, Chan et al. 1985].  
However, with the G-quadruplex-forming substrate, 4xGGG/*P31, the primary 
products observed with T4 DNA polymerase were between 32-34 nt in length 
with minor amounts of fully extended (56 nt) products (lanes 10-11).  Similar to 
T4 DNA polymerase, human pol δ, the main lagging strand replicative DNA 
polymerase [Burgers 2009], fully extended the control substrate (lanes 22-24) 
and generated primarily 32-34 nt products using the ext-4xGGG/*P31 substrate 
with some full extension (67 nt) occurring as polymerase concentrations 
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Figure 2.5  Replicative and translesion polymerases are blocked by an 
intramolecular G-quadruplex.  In standard primer extension assays, control 
(3xGGG/*P31) or G-quadruplex-forming (4xGGG/*P31 or ext-4xGGG/*P31) 
(0.2-0.3 nM) was incubated with increasing concentrations of the following 
polymerases:  Kexo- (10-20 U/L), T4 polymerase (50-100 U/L), pol δ (3.4-17.1 
nM), human pol η (0.10-0.26 nM), S. cerevisiae pol η (2.1-4.2 nM), pol κ (1.3-2.5 
nM), pol µ (5.5-27.3 nM), or pol β (11.6-46.3 nM).  Incubation temperature and 
time for each polymerase is indicated (top).  Markers (M) generated by 
4xGGG/*P31 extension using Kexo- (lanes 4, 15, 45, and 55) or T4 polymerase 
(lanes 5, 16, 46, and 56) are denoted.  Positions of partial extension products 
indicating polymerase blockage are highlighted (red brackets).   
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increased (lanes 18-20).  Compared to the 34 and 35 nt products generated by 
Kexo- on the intramolecular G-quadruplex containing templates, the slightly 
shorter 32-34 nt products observed with both T4 DNA polymerase and human 
pol δ were likely the result of some degradation or “proofreading” by the 3’ to 5’ 
exonuclease activities inherent to these polymerases.  Among the translesion 
polymerases tested, the human and yeast pol η enzymes were compared.  As 
anticipated from earlier results, human pol η extended the control substrate to 
completion (52 nt) (lanes 29-30), but generated mainly 34 and 35 nt products as 
well as some completely extended products (56 nt) on the ext-4xGGG/*P31 
substrate (lanes 26-27).  Yeast pol η showed similarities and minor differences 
with its human counterpart, generating primarily fully extended products with 
3xGGG/*P31 substrate (lanes 35-36) and prominent bands of 33-35 nt using 
ext-4xGGG/*P31 that reflect blockage of synthesis by the intramolecular G-
quadruplex.  In contrast to human pol η, yeast pol η generated higher levels of 
products reflecting polymerization past the point at which the putative 
intramolecular G-quadruplex forms including both fully (67 nt) and incompletely 
(between ~40-66 nt) extended products (lanes 32-33); notably, many of the 
incompletely extended products were also detectable in reactions performed 
with control 3xGGG/*P31 substrate, suggesting that these products were 
natural, sequence-specific pause sites and not related to G-quadruplex 
formation.  Another translesion polymerase, human pol κ, showed extension 
patterns most similar to human pol η--i.e., it fully extended the control substrate 
(lanes 39-40) and a substantial fraction of the 4xGGG/*P31 substrate but was 
also frequently blocked (by G-quadruplex formation) on the latter, as evidenced 
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by the prominent 33 nt bands (lanes 37-38).  The DNA synthesis characteristics 
of both pol µ and pol β (on both control and test substrates) were markedly 
different than the other polymerases tested, such that substantial changes to 
reaction conditions were necessary.  Unlike the previous polymerases tested, 
pol µ (60 min at 25°C) only extended the control substrate between 1-8 nt (32-39 
nt), with a major pause site at 34 nt (lanes 48-50).  However, on the ext-4xGGG 
substrate, pol µ was primarily blocked after adding 3-4 nt (34-35 nt) (lanes 42-
44).  In a similar manner, pol β (5 min at 25°C) only extended the control 
substrate 1-11 nt (32-42 nt) (lanes 58-60) and the ext-4xGGG/*P31 2-4 nt (33-35 
nt) (lanes 52-54).    
 
In summarizing the results above, the activity of several DNA 
polymerases was examined under conditions (75 mM KCl) in which the template 
of the test substrate has been demonstrated (see Figures 2.3 and 2.4) to fold 
into an intramolecular G-quadruplex.  Importantly, synthesis by all processive, 
translesion, and other distributive polymerases examined in this study was 
stalled precisely opposite the position corresponding to where an intramolecular 
G-quadruplex would be formed on the template strand of 4xGGG/*P31 and ext-
4xGGG/*P31.  Because of earlier results on the effects of temperature on the 
dynamics of these specific intramolecular G-quadruplexes and synthesis by 
human pol η (Fig. 2.4A, lanes 6-10), these results indicate that stable 
intramolecular G-quadruplexes in the template of these substrates completely 
block DNA synthesis by all polymerases tested here.  Note the enzymes lacking 
exonuclease activity, including Kexo-, pol η, S. cerevisiae pol η, pol κ, pol µ, and 
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pol β, generate a 35 nt product corresponding to incorporation of nucleotide 
opposite the initial guanine base presumably involved in the intramolecular G-
quadruplex.  The lack of this product (as well as the prominence of 32-33 nt 
products) in reactions with T4 DNA polymerase and pol δ was probably due to 
the exonuclease activity associated with these enzymes.  These results suggest 
a wide range of polymerases, including translesion polymerases that bypass 
bulky DNA lesions, are dramatically inhibited by an intramolecular G-quadruplex 
on the template strand.    
 
Pol η may promote mutagenesis at G-quadruplexes.  The previous results 
show the 4xGGG/*P31 and ext-4xGGG/*P31 templates forms an intramolecular 
G-quadruplex (in 75 mM KCl) that inhibits synthesis by human pol η (and other 
polymerases) (Figures 2.3-2.5).  Although this single-stranded telomeric 
template consists of four runs of guanine bases that fold into the intramolecular 
G-quadruplex, the 3’-ATT-5’ sequence adjacent to the primer/template junction 
is not involved in the secondary structure (Figure 2.6A, top panel).  Under 
conditions that favor G-quadruplex formation and include all dNTPs, products up 
to 34 nt in length are likely generated from proper adenine and thymine 
incorporation opposite these initial three bases.  As mentioned above, the 35 nt 
product reflects addition of an extra nucleotide, putatively opposite the initial 
guanine within the first GGG run involved in the G-quadruplex structure.  Due to 
the potential for polymerase misincorporation and subsequent mutagenesis, the 
fidelity of human pol η incorporation upon encountering an intramolecular G-
quadruplex was assessed, initially by limiting the nucleotide availability (Figure 
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Figure 2.6  Human pol η is capable of misincorporation upon encountering 
an intramolecular G-quadruplex.  A) Primer extension was performed on 
3xGGG/*P31 or ext-4xGGG/*P31 (0.4 nM) each using human pol η (0.51-2.1 
nM) in extension buffer containing 75 mM KCl with dNTPs or dATP + dTTP (100 
µM each) at 18°C for 5 min.  The red box highlights products generated by 
incorporation related to the first guanine in the 3XGGG and 4XGGG template 
strands.  Markers (M) were generated as described in Figure 2.5.  B) In the 
presence of all dNTPs or individual nucleotides (100 µM) each, primer extension 
was performed on 3xGGG/*P34 or ext-4xGGG/*P34 (0.4 nM) using human pol η 
(1.03 nM) in extension buffer with 75 mM KCl at 18°C for 5 min.  Markers (M) 
were generated as described in Figure 2.5. 
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2.6A).  For the substrates 3xGGG/*P31 and ext-4xGGG/*P31, only dATP and 
dTTP are required to extend the primer strand up to the initial run of guanines 
(34 nt).  Therefore, for the experimental design, 3xGGG/*P31 and ext-
4xGGG/*P31 substrates were incubated with increasing concentrations of 
human pol η in the presence of all dNTP’s or dATP + dTTP only; importantly, 
these reactions were performed at 18°C (and in 75 mM KCl) to further promote 
formation and stabilization of G-quadruplexes.  As expected, the control 
substrate, 3xGGG/*P31, was extended to completion (52 nt) (lanes 2-4) in the 
presence of all nucleotides, similar to Figure 2.3-2.4.   Also consistent with 
previous results, in the presence of all dNTPs, ext-4xGGG/*P31 was extended 
by 3 nt (34 nt product) up to the intramolecular G-quadruplex with some 
incorporation of an additional nucleotide  (lanes 9-11).  However, in the 
presence of only dATP and dTTP, incorporation of 3 nt was observed on the 
control (unfolded) substrate to generate a 34 nt product and significant levels of 
35 nt product (lanes 5-7), reflecting misincorporation of either dATP or dTTP 
opposite the first guanine base.  Importantly, in reactions with 4xGGG/*P31 and 
only dATP and dTTP, the primary products were 34 nt or less with detectable 
but low amounts of 35 nt product (lanes 12-14).  The amount of incorporation 
opposite the first run of guanine bases was substantially reduced when an 
intramolecular G-quadruplex was present in the template compared to an 
unstructured template.  Therefore, these results suggest that human pol η may 
misincorporate opposite an intramolecular G-quadruplex, but not to the same 
frequency that it misincorporates opposite undamaged and unstructured 
templates.  
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   To more closely examine incorporation when an intramolecular G-
quadruplex is present in the template, substrates with the same template strand 
but using a primer strand that is three nucleotides longer (34 nt total length) 
were generated.  This longer primer strand ends just before the first guanine in 
the template strands of the control 3xGGG/*P34 substrate and the 
intramolecular G-quadruplex-forming ext-4xGGG/*P34 substrate (Figure 2.6B, 
top).  To determine which nucleotide is preferentially incorporated opposite the 
first guanine base, I studied primer extension at 18°C in 75 mM KCl by human 
pol η using all dNTPs or dATP, dTTP, dCTP, or dGTP individually (Figure 2.6).  
On the control substrate 3xGGG/*P34 with the unfolded template strand, human 
pol η fully extends nearly all (88%) of the primer strand in the presence of all 
dNTPs (lane 2), similar to earlier results using the 3xGGG/*P31 substrate.  
Consistent with the previously reported low fidelity of pol η on undamaged 
templates [Johnson, Washington et al. 2000], I observed misincorporation 
opposite guanine when only dATP, dTTP, or dGTP was supplied.  The control 
substrate, 3xGGG/*P31, was extended one nucleotide (35 nt) in the presence of 
only dATP (31%, lane 3), dTTP (44%, lane 4), or dGTP (34%, lane 6).  
Conversely, dCTP is correctly incorporated opposite the first three guanines 
forming a 37 nt product with some further extension to form a 38 nt and even 
detectable levels of 39 nt products (lane 5).  On the G-quadruplex forming ext-
4xGGG/*P34 substrate, human pol η in the presence of all dNTPs generated 
products reflecting unblocked extension (40%) (36-67 nt) and those from 
addition of only one nucleotide (25%), although a large fraction (35%) of the 
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substrate was not extended at all (lane 8).  With only dATP available, a small 
percentage of ext-4xGGG/*P34 was extended one nucleotide (17%) (35 nt) 
(lane 9).  Likewise, an almost identical percentage of the substrate was 
extended one nucleotide (34 nt) in the presence of dTTP (16%) (lane 10) or 
dGTP alone (15%) (lane 12).  However, a more complicated pattern was 
observed on ext-4xGGG/*P34 in the presence of dCTP alone.  Extension under 
these conditions occurred with greater frequency, and produced substantial 
levels of products reflecting incorporation of only one nucleotide (35 nt, 31%) or 
three or more nucleotides (36-38 nt, 30%) (lane 11).  The longer products (37-38 
nt) were attributed to correct incorporation of three cytosines opposite the initial 
GGG run (plus some misincorporation of dCTP opposite adenine at the fourth 
position) in templates in an unfolded state before or during the course of the 
reaction.  On the other hand, generation of the 35 nt product is more challenging 
to interpret.  However, its prominence and the lack of a 36 nt band suggests that 
the 35 nt product results from incorporation of a single dCTP when the 
intramolecular G quadruplex is present in the template; the frequency of this 
event (31%) compared to incorporation of other nucleotides (15-17%) also 
suggests some preference for incorporation of dCTP by pol η upon encountering 
an intramolecular G-quadruplex in the template.  Additionally, I did not observe 
any prominent products in the 40-50 nt range that might be generated by 
“skipping” over the G-quadruplex (21 nt folded into a compact structure) followed 
by extension of the remaining sequence (11 nt) (lane 8).  Similarly, S. cerevisiae 
pol η, human pol µ, and human pol β all preferentially incorporated cytosine at 
an intramolecular G-quadruplex, while low levels of misincorporation of A, T, or 
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G was observed on unstructured as well as G-quadruplex-forming templates.  
However, human pol κ incorporated little dCTP opposite the initial guanine, but 
some incorporation producing a 37 nt product was observed, potentially opposite 
unstructured templates.  Little misincorporation occurred opposite an 
intramolecular G-quadruplex, although human pol κ readily misincorporated A, 
T, and G opposite the first guanine of the control template (data not shown).  
Therefore, these results indicated human pol η, as well as S. cerevisiae pol η, 
pol µ, and pol β, preferentially incorporated cytosine upon encountering an 
intramolecular G-quadruplex.  
  
 Although human pol η misincorporation at an intramolecular G-
quadruplex occurs at a low frequency, any misincorporation followed by 
continued extension by a polymerase may lead to mutagenesis.  Therefore, to 
determine if pol η could promote mutagenesis at G-quadruplexes, a protocol 
was developed (Figure 2.7A) to determine if human pol η could extend from a 
nucleotide misincorporated due to encountering an intramolecular G-quadruplex 
in the template.  In step 1, misincorporation of a single nucleotide opposite a 
stable intramolecular G-quadruplex was promoted by incubation of 4xGGG/*P34 
(or as control, the unfolded 3xGGG/*P34 substrate) with dATP, dTTP, and dGTP 
and human pol η at 18°C, a temperature that stabilizes G-quadruplexes but still 
permits synthesis by pol η.  Then, in step 2, further extension was encouraged 
by simultaneously introducing dCTP and increasing the temperature to 37°C to 
destabilize the G-quadruplex to some extent (Figure 2.7A).  As a separate 
control, each step was performed in the presence of all dNTPs.  A small amount 
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Figure 2.7  Human pol η extends from a misincorporated nucleotide.  A) 
Protocol for determining ability of human pol η to promote mutagenesis when 
encountering an intramolecular G-quadruplex.  B) A primer extension assay was 
performed in two steps.  Initially, 4xGGG/*P34 or 3xGGG/*P34 (0.4 nM) was 
incubated with human pol η (1.03 nM) with all dNTPs (N) or dATP (A), dTTP (T), 
and dGTP (G) (100 µM each) at 18°C for 5 min.  Upon completion of step 1, the 
reaction was supplemented with dCTP (100 µM) and incubated at 37°C for 25 
min.  Aliquots (4 µL) of the reaction were removed immediately after completion 
of each step for analysis by denaturing PAGE.  The red arrows highlight 
products generated by incorporation by human pol η upon encountering the 
intramolecular G-quadruplex.  The red asterisk (*) highlights products generated 
opposite the first guanine on an unstructured template. 
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of these reactions was removed following each step for analysis of extension of 
the primer strand by denaturing PAGE (Figure 2.7B).  As expected, the primer 
strand of the unfolded 3xGGG/*P34 substrate was fully extended (52 nt) in the 
presence of all dNTPs following step 1 with essentially no change occurring 
during step 2 (Figure 2.7B, lanes 7-8).  When no dCTP is present during step 1, 
most of the primer strand is extended by only 1 nt (35 nt) (lane 9), a 
misincorporated nucleotide, with full extension occurring when dCTP is added in 
step 2 (lane 10).  Therefore, on a normal template human pol η can both 
misincorporate and extend from the 3’ mismatch, as previously reported 
[Washington, Johnson et al. 2001].  Rather than complete extension as 
observed with the control substrate (lane 7), in all dNTPs, the G-quadruplex 
forming ext-4xGGG/*P34 is extended only one nucleotide (35 nt) following step 
1 (G-quadruplex stabilizing conditions) (lane 2).  However, full extension (67 nt) 
of this product and the remaining substrate is achieved following heating and 
destabilization of the G-quadruplex in step 2 (lane 3).  Limiting the available 
nucleotides to dATP, dTTP, and dGTP leads to a 35 nt product, indicating some 
misincorporation by pol η when the intramolecular G-quadruplex is present in the 
template (Fig. 2.7B, lane 4), as previously demonstrated (Figure 2.6B, lanes 9, 
10, and 12).  Following heat destabilization of the G-quadruplex along with 
introduction of dCTP (step 2), I observed disappearance of both this product and 
the remainder of the original substrate concomitant with appearance of fully 
extended (67 nt) product (lane 5).  Thus, human pol η fully extends not only the 
original unextended substrate but also those singly misincorporated products 
that form 3’ mismatches with template.  Although human pol η possesses a low 
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rate of misincorporation at intramolecular G-quadruplexes, these results suggest 
pol η may promote mutagenesis on templates that form intramolecular G-
quadruplexes as well as on normal, undamaged templates. 
 
DISCUSSION 
 
 Numerous G-rich regions of the genome, including long stretches of the 
telomeric repeat sequence TTAGGG found at both ends of each human 
chromosome, have the potential to form G-quadruplex structures [Huppert and 
Balasubramanian 2005].  Single-stranded G-rich regions on telomeric 3’ 
overhangs or exposed during DNA replication (particularly lagging strand 
replication) can assemble into these structures, with intramolecular G-
quadruplex formation presumably being favored in these situations [Tang, Kan 
et al. 2008; Lipps and Rhodes 2009].  Importantly, G-rich telomeric repeat 
sequences are specifically subject to lagging strand replication, likely increasing 
the propensity for formation of these compact but bulky secondary structures 
that may impact DNA polymerase function and/or fidelity.  Here, telomeric 
substrates with the potential to form G-quadruplex structures were designed, 
and their effects were examined on DNA synthesis in vitro using various DNA 
polymerases.  The template strand of model primer-template substrate 
possessing four guanine runs was confirmed to form an intramolecular G-
quadruplex, and I determined conditions that favor greater G-quadruplex 
stability.  A range of polymerases, including those classified as processive 
(Kexo-, T4 polymerase, and pol δ) and distributive (S. cerevisiae pol η, human 
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pol η, pol κ, pol µ and pol β), were blocked by an intramolecular G-quadruplex 
on the template strand.  Further analysis of human pol η, as well as S. 
cerevisiae pol η, human pol κ, human pol β, and human pol µ, revealed the 
potential for misincorporation and mutagenesis at intramolecular G-
quadruplexes, although cytosine was preferred in most cases.  
 
Telomeres resemble fragile sites indicating frequent replication stress 
[Sfeir, Kosiyatrakul et al. 2009].  One source of replication stress within this G-
rich sequence may result from G-quadruplex formation.  To assess the affect 
telomeric G-quadruplexes have on DNA synthesis, primer/template substrates 
with single-stranded templates were designed to contain human telomeric 
repeats including 3 or 4 GGG runs; only those with 4 GGG runs are capable of 
forming intramolecular G-quadruplexes.  A DMS protection assay indicated that 
a 22 nt telomeric sequence (4xGGG22) containing 4 GGG runs forms a G-
quadruplex in 75 mM KCl.  Native gel analysis indicated that a (longer) primer-
template substrate containing 4 GGG runs (4xGGG/*P31) migrated faster than 
(shorter) primer-template substrates (3xGGG/*P31 and 3xCCC/*P31, containing 
3 GGG and 3 CCC runs, respectively) in the presence of KCl; in contrast, the 
migration of these three substrates in LiCl was essentially identical.  Since KCl 
favors G-quadruplex formation while LiCl favors unstructured DNA, these results 
indicate that G-quadruplexes formed from telomeric single-stranded regions 
containing 4 GGG runs were unimolecular in nature.  Furthermore, synthesis by 
human pol η on 4xGGG/*P31 was largely blocked in KCl but not in LiCl, again 
suggesting that the single-stranded template region folds into an intramolecular 
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G-quadruplex in the presence of KCl.  These results also indicate that a dynamic 
equilibrium exists between unfolded DNA and this intramolecular G-quadruplex 
structure, with certain conditions (higher K+ concentrations and lower 
temperatures) favoring G-quadruplex formation and stability, in accord with 
previous findings [Lee, Okumus et al. 2005].  When primer extension assays are 
performed with 4xGGG/*P31 under more favorable conditions for G-quadruplex 
formation (100 mM KCl or 18°C), full length extension products are reduced 
while polymerase stalling opposite the point of G-quadruplex formation is 
increased, suggesting that DNA synthesis is completely blocked upon 
encountering stable intramolecular G-quadruplexes in the template.   
 
Human cells possess many DNA polymerases, including not only 
polymerases used in DNA replication and repair but also translesion 
polymerases capable of bypassing large, bulky DNA lesions.  Using primer 
extension assays, I found a wide variety of DNA polymerases are blocked by an 
intramolecular G-quadruplex on the template strand.  The processive 
polymerases Kexo-, T4 polymerase, and human pol δ, which are primarily 
involved in synthesizing undamaged templates, were all blocked while extending 
the G-quadruplex forming substrates (4xGGG/*P31 or ext-4xGGG/*P31).  
However, intramolecular G-quadruplexes might be somewhat comparable to 
sites of bulky DNA damage that frequently inhibit processive polymerases.  
Some replication-inhibiting DNA lesions can be bypassed by damage-specific, 
distributive translesion polymerases that are widely thought to be implemented 
subsequent to replication blockage.  However, none of the translesion 
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polymerases included in this study (S. cerevisiae pol η, human pol η, human pol 
κ, and human pol µ) was able to extend through or even skip over the 
intramolecular G-quadruplex.  Human pol β, a distributive polymerase involved 
in base excision repair, was also blocked by an intramolecular G-quadruplex.  
Although human pol η and human pol κ have previously been reported to aid in 
replication through G-quadruplexes [Betous, Rey et al. 2009], the results 
presented here suggest these polymerases may not directly act to bypass the G-
quadruplex structure.  Since replicative, repair, and bypass polymerases were 
examined in this study, DNA polymerases are unlikely, without aid from other 
proteins, to replicate through or bypass intramolecular G-quadruplexes.  Thus, 
the ability of G-quadruplexes to block both replicative and translesion DNA 
polymerase may further exacerbate replication difficulties and result in 
replication collapse and double-strand break formation.  Indeed, telomeres are 
fragile in response to replication stress [Sfeir, Kosiyatrakul et al. 2009].  
Discontinuous lagging strand synthesis generates regions of single-stranded 
DNA, increasing the potential for intramolecular G-quadruplex formation when 
this strand is guanine-rich, as is always the case for replication through telomeric 
DNA.  Upon encountering a G-quadruplex on the lagging strand, these results 
indicate human pol δ, the primary polymerase for lagging strand synthesis, 
would be blocked resulting in incomplete synthesis of the Okazaki fragment.  
These results also suggest that recruitment of translesion polymerases to these 
sites would be ineffective for bypassing G-quadruplexes.  Although downstream 
leading and lagging strand synthesis likely continues, polymerase blockage by 
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G-quadruplexes could generate persistent single-strand gaps eventually leading 
to double-strand breaks, a hallmark of DNA fragility.  
 
Although these results indicate that an intramolecular G-quadruplex 
presents a strong if not complete barrier to passage by most polymerases, a 
DNA polymerase may misincorporate a nucleotide upon encountering these 
secondary structures, generating a potential for mutagenesis.  Analysis of these 
range of polymerases revealed those lacking 3’ to 5’ exonuclease activity, 
including Kexo-, human pol η, S. cerevisiae pol η, pol κ, pol µ, and pol β inserted 
an additional nucleotide corresponding to the first guanine run involved in the G-
quadruplex structure.  Primer extension assays were carried out in the presence 
of limited or individual nucleotides to examine possible misincorporation by 
polymerases upon encountering an intramolecular G-quadruplex in the template.  
Human pol η (as well as yeast pol η, human pol µ and human pol β) favored 
incorporation of cytosine at a position corresponding to initial guanine involved in 
the G-quadruplex in the template, although significant but lower levels of 
misincorporation of adenine, thymine, or guanine were observed. This was 
somewhat surprising, but may suggest that the 3’-most guanine in this 
intramolecular G-quadruplex is partially accessible to be “read” by these 
polymerases.  Further extension of the primer appears completely blocked by 
stable G-quadruplex structures, although dynamic unfolding of these structures 
would permit resumption of synthesis.  Even though misincorporation might 
occur at a low frequency upon encountering an intramolecular G-quadruplex, 
subsequent dissociation of a G-quadruplex along with continued extension from 
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the 3’ mismatch would result in mutagenesis.  Such a mutagenic process was 
modeled using a two-step protocol (Fig. 2.7).  Indeed, the results indicated that 
adenine, thymine, or guanine misincorporated upon encountering an 
intramolecular G-quadruplex (stabilized at 18°C) was subject to further extension 
upon raising the temperature (to 37°C), which destabilizes the G-quadruplex.  At 
physiological temperatures, intramolecular G-quadruplexes likely exist in a 
dynamic equilibrium with unstructured single-stranded DNA [Lee, Okumus et al. 
2005].  Thus, this two-step protocol mimics misincorporation at an intramolecular 
G-quadruplex followed by a dynamic shift to an unstructured template.  Taken 
together, these results suggest that, upon encountering an intramolecular G-
quadruplex, misincorporation by pol η or another translesion polymerase may 
occur.  Subsequent template unfolding, occurring either spontaneously or 
enzymatically, would generate a mismatch that is subject to further extension, 
thus promoting mutagenesis within G-quadruplex-forming sequences. 
 
 Although not every DNA polymerase found in humans was examined in 
this study, the wide range of polymerases tested, including translesion 
polymerases that bypass bulky single-nucleotide lesions, suggested 
polymerases alone could not appropriately deal with intramolecular G-
quadruplexes during replication.  Since the inability to properly deal with these 
structures might result in rampant genomic and telomeric instability, another 
pathway may exist within human cells to resolve these potentially problematic 
structures.  A number of helicases have been shown to disrupt G-quadruplexes, 
including Pif1 [Ribeyre, Lopes et al. 2009] and Sgs1 [Sun, Bennett et al. 1999] in 
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S. cerevisiae and FANCJ [London, Barber et al. 2008; Wu, Shin-ya et al. 2008], 
BLM [Sun, Karow et al. 1998], and WRN [Fry and Loeb 1999; Mohaghegh, 
Karow et al. 2001] in humans.  Importantly, the human diseases resulting from 
deficiency of FANCJ, BLM, and WRN (Fanconi anemia, BS, and WS 
respectively) all exhibit genomic instability [Wu and Brosh 2010].  Additionally, 
RPA [Salas, Petruseva et al. 2006] and POT1 (with telomeric sequences) [Zaug, 
Podell et al. 2005] have been shown to disrupt these structures, although not 
enzymatically.  Disruption of these structures during replication (particularly of 
the lagging strand) by one or more of these factors would permit unperturbed 
DNA synthesis and diminish their capacity to induce genetic change. 
 
 Although several other enzymes have been implicated in unwinding G-
quadruplexes, evidence exists supporting a role for WRN in promoting 
replication through G-quadruplexes.  In vitro biochemical studies showed that 
WRN interacts with pol δ and its helicase activity facilitates synthesis by pol δ 
through a bimolecular G-quadruplex-forming template [Kamath-Loeb, Loeb et al. 
2001].  Pol δ is the main polymerase involved in lagging strand synthesis [Nick 
McElhinny, Gordenin et al. 2008], an important aspect to consider due to the 
inherent capability of the guanine-rich telomeric lagging strand to form G-
quadruplexes.  WRN-deficient cells exhibit chromosomal and telomere instability 
[Goto, Miller et al. 1996; Pirzio, Pichierri et al. 2008], suggesting WRN plays a 
role in telomere maintenance.  In fact, WRN has been implicated in promoting 
proper synthesis of the G-rich lagging telomeric strand [Crabbe, Verdun et al. 
2004].  By resolving intramolecular G-quadruplexes that block lagging strand 
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synthesis of telomeres, WRN may act to promote telomere replication and 
stability.  Without proper G-quadruplex resolution in the absence of WRN, these 
secondary structures persist and create more extensive replication difficulties 
(as alluded to above), thus generating telomere fragility, double strand breaks, 
and subsequent stochastic telomere loss.  Therefore, WRN may play a major 
role in promoting efficient replication of telomeres (and perhaps other G-rich 
sequences) by actively resolving intramolecular G-quadruplex structures that 
form in single-stranded regions of the G-rich lagging strand.   
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CHAPTER 3 
 
FIDELITY OF WRN-MEDIATED REGRESSION OF MODEL REPLICATION 
FORKS WITH REPEATING SEQUENCES  
 
INTRODUCTION 
 
 One of the many proposed roles of WRN, as well as other RecQ 
helicases, is acting at blocked replication forks caused by bulky DNA lesions or 
stalled replication forks resulting from hydroxyurea, topoisomerase inhibitors, 
and interstrand crosslinking agents to which WRN-deficient cells are sensitive 
[Lebel and Leder 1998; Pichierri, Franchitto et al. 2001; Poot, Yom et al. 2001].  
Following depletion of nucleotide pools by hydroxyurea, WRN becomes 
phosphorylated by ATR [Pichierri, Rosselli et al. 2003] and subsequently 
translocates to nuclear foci corresponding to sites of stalled replication 
[Constantinou, Tarsounas et al. 2000].  However, even in the absence of 
exogenous DNA damaging agents, asymmetric replication fork progression is 
observed in WS primary fibroblasts [Rodriguez-Lopez, Jackson et al. 2002].  
Together, along with greater chromosomal instability associated with WRN 
deficiency [Goto, Miller et al. 1996], these observations indicate WRN plays at 
role in the resolution of stalled or blocked replication forks, and the absence of 
WRN may lead to initiation of error-prone and/or illegitimate recombination 
leading to chromosomal abnormalities.      
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 Compared to random, non-repeating regions of the genome, repetitive 
sequences are inherently more difficult to replicate and exhibit greater instability.  
“Strand slippage” at repeating sequences during replication leads to insertions 
and deletions [Streisinger, Okada et al. 1966; Kunkel 1986].  Additionally, 
homologous recombination between chromatids/chromosomes of large regions 
of repeating sequences may result in incorrect frame pairing.  One such 
repetitive sequence, telomeres are the protective structures found at the ends of 
all linear chromosomes.  Telomeres have recently been identified as fragile sites 
induced by replication stress [Sfeir, Kosiyatrakul et al. 2009], with WRN loss 
exacerbating fragile site instability [Pirzio, Pichierri et al. 2008].  Therefore, 
telomeric instability found within WRN-deficient cells may stem from replication 
stress along with the innate instability at telomeres. 
 
 Recently, our lab determined WRN performs regression of a model 
replication fork [Machwe, Xiao et al. 2006].  Regression involves coordination of 
WRN’s helicase and annealing activities, while the exonuclease activity acts to 
degrade the leading daughter strand in a limited manner that optimizes 
regression efficiency [Machwe, Xiao et al. 2007].  Due to this in vitro activity, 
WRN may limit genomic instability by regressing stalled or blocked replication 
forks, which would allow subsequent repair of the damage and continued 
replication.  These previous studies identified regression activity using model 
replication forks containing random sequence; however, repeating sequences 
such as telomeric sequences may become misaligned during regression.  
“Looping out” of repeats during fork regression may lead to a loss of sequence.  
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Since WRN has been implicated as a telomere stabilizing protein, I examined 
the alignment of daughter duplexes following WRN-mediated regression of two 
different model replication forks containing either telomeric or dinucleotide 
repeats within the parental-daughter arms.   
 
METHODS 
 
Enzymes.  The point mutation of WRN-E84A eliminates the 3’ to 5’ exonuclease 
activity [Huang, Li et al. 1998] while maintaining the helicase and annealing 
activites of WRN [Machwe, Xiao et al. 2005; Machwe, Lozada et al. 2006].  
WRN-E84A was overexpressed in insect cells and purified as described in 
[Orren, Brosh et al. 1999] except with inclusion of 0.1% Nonidet P40 in all liquid 
chromatography buffers.  Robert Lloyd (University of Nottingham) provided 
RecG, which was purified according to Mahdi et al. [Mahdi, Briggs et al. 2003].  
T4 polynucleotide kinase, Klenow fragment (3’ to 5’ exo-, referred to hereafter as 
Kexo-), as well as all restriction enzymes were purchased from New England 
Biolabs (Ipswich, MA). 
 
DNA substrates.  All PAGE-purified oligonucleotides used for these 
experiments were purchased from Integrated DNA Technologies, Inc (Coralville, 
IA) (Table 3.1).  As specified, “daughter” strand oligonucleotides (LagD50telo, 
LeadD38telo, LagD50AC, LeadD38AC, LagD54AC, and LeadD42AC) were 5’ 
radiolabeled using 32P-γ-ATP and T4 polynucleotide kinase, and unincorporated 
ATP was removed using Mini Quick Spin Oligo Columns (Roche, Indianapolis, 
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Table 3.1  Oligos used to construct model replication forks and daughter 
duplexes 
  
 
 
 
 
 
 
 
LagD50telo
5'-CCCTAACCCTAACCCTAACCCAGTCTTCAGATGGCTTCAGAAGCTTGAGG-3'
LeadD38telo
5'-CCTCAAGCTTCTGAAGCCATCTGAAGACTGGGTTAGGG-3'
LeadP88telo
5'-GCTGTACGACTGATACTGTGACAAGTTCTGTGCGCTGAAGAATACCCTAACCCTAACCCAGTCTTCAGATGGCTTCAGAAGCTTGAGG-3'
LagP88telo
5'-CCTCAAGCTTCTGAAGCCATCTGAAGACTGGGTTAGGGTTAGGGTTAGGGTCAGCGCACAGAACTTGTCACAGTATCAGTCGTACAGC-3'
LagD50AC
5'-ACACACACACACACACACACATGCCCAGTTCTTCAGTCGGAAGCTTGAGG-3'
LeadD38AC
5'-CCTCAAGCTTCCGACTGAAGAACTGGGCATGTGTGTGT-3'
LagP88AC
5'-CCTCAAGCTTCCGACTGAAGAACTGGGCATGTGTGTGTGTGTGTGTGTGTTCAGCGCACAGAACTTGTCACAGTATCAGTCGTACAGC-3'-
LeadP88AC
5'-GCTGTACGACTGATACTGTGACAAGTTCTGTGCGCTGATGTGTCACACACACACACACATGCCCAGTTCTTCAGTCGGAAGCTTGAGG-3'
LeadD42AC
5'-CCTCAAGCTTCCGACTGAAGAACTGGGCATGTGTGACACTGT-3'
LagD54AC
5'-ACACACACACACACAGTGTCACACATGCCCAGTTCTTCAGTCGGAAGCTTGAGG-3'
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IN).  Four-stranded replication forks were formed using a two-step annealing 
process.  Initially, in 50 mM Tris (pH 8.0) and 10 mM MgCl2, excess daughter 
strands are annealed to their complementary parental strands by heating at 
90°C and slow cooling in a stepwise manner (decreasing the temperature in 5°C 
increments and holding at each temperature 2-5x longer than slow cooling (5-15 
min)).  Our lab has found this stepwise annealing procedure promotes proper 
alignment of repeating sequences, provided the annealed strands contain a 
region of complementary non-repeating sequence.  Proper annealing of the 
resulting leading and lagging parental/daughter partial duplexes containing 
either human telomeric or dinucleotide repeats created from the primary 
annealing step was supported via native PAGE analysis.  In the secondary 
annealing step, leading parental/daughter partial duplexes are annealed to their 
corresponding lagging parental/daughter partial duplex at 25°C overnight to form 
four-stranded replication forks.  The partial duplexes LagP88telo/LagD50telo 
and LeadP88telo/LeadD38telo were annealed to form the telomeric replication 
forks *LagD50Fork-telo and *LeadD38Fork-telo (Figure 3.1); the substrate 
names and asterisks indicate the labeled strand in each substrate here and 
below.  Similarly, LagP88AC/LagD50AC and LeadP88AC/LeadD38AC were 
annealed to form the dinucleotide replication forks, *LagD50Fork-AC and 
*LeadD38Fork-AC (Figure 3.1).  Preformed daughter duplexes used throughout 
this chapter, *LagD50telo/LeadD38telo, LagD50telo/*LeadD38telo, 
*LagD50AC/LeadD38AC, and LagD50AC/*LeadD38AC, were annealed using 
the step-wise slow-cooling protocol described previously.  Likewise, single-
stranded loop-containing daughter duplexes, *LagD54AC/LeadD38AC, 
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Figure 3.1  Model replication fork and partial duplex substrates. Model 
replication forks (top) were generated by a two-step annealing process (see 
“Methods”).  One daughter strand was 5’ radiolabeled, as indicated by asterisk 
(*).  Parental/daughter duplexes (middle) or daughter duplexes (bottom) were 
generated by annealing the indicated oligonucleotides.  Daughter duplexes 
containing either a radiolabeled lagging strand (*50) or leading strand (*38) were 
also created.   
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LagD54AC/*LeadD38AC, *LagD50AC/LeadD42AC, and LagD50AC/ 
*LeadD42AC, were annealed in a similar manner (Figure 3.1).  All annealed 
products were electrophoresed on an 8% polyacrylamide native gel with excision 
of bands corresponding to particular substrates followed by elution in 10 mM 
Tris, pH 8.0, and 10 mM NaCl buffer. 
 
Fork regression assay.  Fork regression assays were carried out in 10-50 µL 
WRN reaction buffer (40 mM Tris-HCl [pH 8.0], 4 mM MgCl2, 5 mM dithiothreitol, 
100 µg/mL bovine serum albumin [BSA], 0.1% NP40, and 1 mM ATP) containing 
labeled replication fork substrate (0.05 nM) and WRN-E84A (0.1-1.0 nM) or 
RecG (0.5 nM).  Reaction samples were incubated at 4°C for 5 min followed by 
incubation at 37°C for the times indicated.  To halt the enzymatic reaction, 1/6 
volume of helicase dyes (30% glycerol, 0.9% SDS, 50 mM EDTA, 0.25% 
bromophenol blue, and 0.25% xylene cyanol) was added and the resulting DNA 
products were electrophoresed on a native polyacrylamide (8%) gel.  Following 
gel drying, labeled products were viewed and quantitated using the Storm 860 
Phosphoimager and ImageQuant software (GE Healthcare). 
 
Restriction digestion analysis.  Fork regression was performed as described 
above in 50 µL WRN reaction buffer with 0.05 nM labeled fork substrate 
(*LagD50Fork-telo, *LeadD38Fork-telo, *LagD50Fork-AC, or *LeadD38Fork-AC) 
incubated with 0.3-1.2 nM WRN-E84A or 0.5 nM RecG at 4°C for 5 min and 
37°C for 30 min. Subsequently, 7.5-8.5 µL aliquots were removed and additional 
components were included to meet the specific conditions required for each 
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restriction enzyme.  Some experiments included a 50°C incubation step to 
ensure WRN inactivation prior to restriction enzyme digestion.   To examine, 
repeat alignment following fork regression, these reactions (0.2 nM *DNA) were 
incubated with the appropriate restriction enzymes (Bmr I, Bbs I, Xcm I, Acu I, 
Nsp I, or Msl I) (Table 3.2) at 37°C for 2 h.  In parallel, 0.02 nM of control 
preformed daughter duplexes or looped daughter duplexes were digested with 
the same restriction enzymes in suitable buffers as described above.  Reactions 
were halted by addition of equal volume of formamide loading buffer (95% 
formamide, 20 mM EDTA, 0.05% xylene cyanol, and 0.05% bromophenol blue) 
or 1/6 volume of native gel dyes (30% glycerol, 0.9% SDS, 50 mM EDTA, 0.25% 
bromophenol blue, and 0.25% xylene cyanol).  All resulting products were 
electrophoresed on denaturing (14%) or native (8%) polyacrylamide gels.  
Radiolabeled DNA species were viewed and quantitated as previously 
described.   
 
Primer extension analysis.  Subsequent to some fork regression assays 
performed on *LeadD38Fork-telo or *LeadD38Fork-AC (as previously 
described), 8.5 µL aliquots were removed and additional components were 
added along with 500 µM of each dGTP, dATP, and dTTP.  To examine repeat 
alignment following fork regression, these samples (0.04 nM *DNA) (10 µL) were 
incubated with 0.025 U Kexo- at 37°C for 30 min.  Preformed daughter duplex 
(0.4 nM) was extended in the same manner.  Samples were heated at 90°C for 5 
min, electrophoresed on denaturing (14%) polyacrylamide gels.  Labeled 
extension products were viewed and quantitated as indicated above. 
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 Table 3.2  Restriction enzymes used to test repeat alignment. 
 
 
 
 
 
 
 
 
 
 
 
0.025 U 10 mM MgCl  , 50 mM NaCl2
Enzyme Units (per 20 µL) Buffer Conditions
0.5 U 10 mM MgCl  , 20 mM NaCl2
0.5 U 10 mM MgCl  , 50 mM NaCl2
Telomeric Forks
Dinucleotide Forks
2.5 U 10 mM MgCl  , 50 mM NaCl, 0.1 µM S-adenosylmethionine2
0.05 U 10 mM MgCl  , 50 mM NaCl2
2.5 U 10 mM MgCl2
Bmr I
Bbs I
Xcm I
Acu I
BmrI
Msl I
Nsp I 5 U 10 mM MgCl  ,  50 mM NaCl, 250 µg/mL BSA2
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RESULTS 
 
 WRN regresses model replication forks [Machwe, Xiao et al. 2006; 
Machwe, Xiao et al. 2007].  Fork regression, the proposed first step in response 
to stalled or blocked replication forks, involves concurrent pairing of the two 
complementary daughter strands and reannealing of the parental strands to 
generate a Holliday junction/chicken foot intermediate [Machwe, Xiao et al. 
2007]. However, in our standard fork regression assays using oligomeric 
substrates, the end product used to detect fork regression activity is a “daughter 
duplex” containing only the annealed daughter strands.  In this previous work, 
the complementary regions of the replication fork consisted of random 
sequence, essentially dictating proper alignment of the daughter duplex during 
regression.  However, within regions of the genome containing repeating 
sequences, such as telomeres, correct alignment during fork regression would 
be crucial to avoid deletions and insertions from resulting after further 
processing.  Since WRN is associated with telomere maintenance, I investigated 
the fidelity of WRN-mediated replication fork regression of telomeric and other 
repeating sequences.  Here, following regression of a model replication fork by 
WRN, alignment of repeating sequences will be tested via two methods: 
restriction enzyme digestion and primer extension (Figure 3.2). 
 
Restriction enzyme action on fully complementary versus loop-containing 
duplexes.  To analyze alignment of daughter duplexes formed from replication 
fork regression, model replication forks were designed to contain either telomeric 
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Figure 3.2  Protocol for WRN-mediated fork regression repeat alignment 
analysis.  Following WRN-E84A-mediated fork regression, alignment of the 
repeating sequences on the daughter duplex was analyzed by restriction 
enzyme digestion (left) or primer extension (right).  The resulting products were 
analyzed by denaturing (shown) and native (not shown) PAGE.  Equal digestion 
or extension efficiency of a daughter duplex generated by WRN-mediated 
regression and a control, preformed daughter duplex suggests proper alignment 
of repeats. 
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or dinucleotide repeats on the daughter/parental arms proximal to the fork 
junction (Figure 3.1, top).  Misalignment of these repeats during WRN-mediated 
regression would result in some repeats “looping out,” —i.e., generation of 
unpaired single-stranded loops.  Within the duplex repeating sequence, 
restriction enzyme cleavage or recognition sites that would potentially be 
disrupted by misalignment and loop formation were included.  Theoretically, 
properly aligned daughter duplexes would be cut by restriction enzymes.  In 
contrast, these same restriction enzymes would not cut daughter duplexes 
containing a loop.  To test the validity of this assay, I generated three preformed 
daughter duplexes using a slow-cooling protocol.  A control daughter duplex 
(LagD50AC/LeadD38AC) contains properly aligned repeats and no unpaired 
loops (Figure 3.3A).  One series of daughter duplexes (LagD54AC/LeadD38AC) 
forms a 4 nt unpaired loop (designated by the triangle, Figure 3.3A) within the 
Msl I recognition site (denoted by green box, Figure 3.3A) on the lagging strand 
(top) within the AC dinucleotide repeating region, and the other series of 
daughter duplexes (LagD50AC/LeadD42AC) forms a 4 nt unpaired loop within 
the Msl I recognition site of the repeating region on the leading strand (bottom, 
Figure 3.3A).  Daughter duplexes were treated with Msl I, and the resulting 
products were analyzed by denaturing PAGE by examining changes in migration 
of the labeled strand.  Properly aligned daughter duplexes were cleaved 
efficiently by Msl I, as shown by the appearance of shorter and expected 18 and 
32 nt products (Figure 3.3B, lanes 6 and 12); by comparison, little or no cutting 
was seen on the daughter duplexes possessing unpaired loops (lanes 2, 4, 8, 
and 10).  In fact, these “looped” substrates remained intact following Msl I  
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Figure 3.3  Analysis of experimental approach on dinucleotide repeat 
substrates.  A) Daughter duplex with (AC)10.5 sequence.  Control (50/38), 
looped lagging strand (54/38), and looped leading strand (50/42) daughter 
duplexes were used.  Location of unpaired loops are indicated (triangle).  Msl I 
recognition sequence (box), cut sites (arrows), and expected product lengths are 
shown.  Lagging (top) and leading (bottom) strand lengths are indicated.  B) 
Control (50/38) and looped (54/38 or 50/42) daughter duplexes (0.03 nM) with 
labeled lagging or leading strands (indicated by asterisk (*)) were digested by 
Msl I (0.125 U/µL) and the resulting products were analyzed by denaturing 
PAGE (14%).  Lengths of labeled strand products are indicated (left).  Markers 
for 38, 42, 50, 54 nt products were used (lanes 13-16). 
 
**50*
*54
**38
**42
**18
**32
MslI - + - - - - -+ + + + +
*54
/38
*50
/42
*50
/38
54
/*3
8
50
/*4
2
50
/*3
8
Mi
sa
lig
ne
d
Co
rre
ctl
y
Ali
gn
ed
Mi
sa
lig
ne
d
Co
rre
ctl
y
Ali
gn
ed
B
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
M
A
5'
 5'
3'ACACACACACACACACACACATGCCCAGTTCTTCAGTCGGAAGCTTGAGG
TGTGTGTGTACGGGTCAAGAAGTCAGCCTTCGAACTCC3'
32ntMslI
MslI22nt
Lagging
Leading
4nt
LagD54AC/LeadD38AC (54/38)
5'
 5'
3'ACACACACACACACACACACATGCCCAGTTCTTCAGTCGGAAGCTTGAGG
TGTGTGTGTACGGGTCAAGAAGTCAGCCTTCGAACTCC3'
32ntMslI
MslI18nt
4nt
LagD50AC/LeadD42AC (50/42)
5'
 5'
3'ACACACACACACACACACACATGCCCAGTTCTTCAGTCGGAAGCTTGAGG
TGTGTGTGTACGGGTCAAGAAGTCAGCCTTCGAACTCC3'
32ntMslI
MslI18nt
LagD50AC/LeadD38AC (50/38)
 72 
treatment as determined by native PAGE (data not shown), indicating neither 
strand was cut by Msl I.  Conversely, the unpaired loop does not destroy the 
recognition sequence or cleavage site of Bmr I, which efficiently cuts the 
properly aligned as well as the loop-containing daughter duplexes (data not 
shown).  Thus, these results indicate formation of a single-stranded, unpaired 
loop within the recognition sequence (and likely the cut site) on the daughter 
duplex would prevent cleavage by restriction enzymes, suggesting this assay 
would be effective for detecting correct and incorrect repeat alignment during 
replication fork regression. 
 
WRN properly aligns telomeric repeats during replication fork regression.  
Following validation of this strategy using restriction enzymes to test alignment 
of repeated sequences, I wanted to determine if repeats are properly aligned 
during WRN-mediated replication fork regression.  The exonuclease-deficient 
WRN mutant, WRN-E84A, was used throughout this chapter to prevent possible 
degradation of the DNA substrates.  Model replication forks were designed with 
repeating sequence on the parental-daughter arms next to the fork junction 
(Figure 3.1).  These substrates contained a 12 nt single-stranded gap on the 
leading arms (with fewer double-stranded repeats) to provide a better structure 
for regression by WRN [Machwe, Xiao et al. 2007].  Replication forks with a 5’ 
radiolabeled lagging or leading daughter strand were generated, and WRN-
mediated regression would convert these forks into daughter duplexes 
containing the respective labeled daughter strand.  Thus, the model replication 
fork consisting of a labeled lagging strand was utilized to examine repeat 
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alignment of the lagging daughter strand.  Likewise, the model replication fork 
with a labeled leading strand was used to inspect leading strand repeat 
alignment.  
 
Due to the implication of WRN in telomere maintenance, I first focused on 
WRN’s ability to properly align 3.5 telomeric repeats during fork regression 
(Figure 3.4A).  Using native PAGE to separate the replication fork from WRN-
E84A-dependent formation of daughter duplex, the ability of the WRN to regress 
a model replication fork with telomeric repeats was determined.  Since restriction 
digestion of the replication fork would produce the same shorter labeled product 
on denaturing PAGE as cleavage of the daughter duplex, it was critical to 
determine the conditions required for complete regression.  WRN-E84A was 
titrated on *LagD50Fork-telo, and daughter duplex was produced in a 
concentration-dependent manner, with 62% converted after 10 min at 0.72 nM 
(Figure 3.4B, lane 5).  Using 0.34 nM WRN-E84A, the kinetics of fork regression 
of the telomeric fork were examined, with 90% converted to daughter duplex 
following 30 min (Figure 3.4C, lane 6).  These latter conditions were used to 
achieve essentially complete fork regression in subsequent experiments.  
 
Having established conditions that allow near complete regression of a 
replication fork substrate containing telomeric repeats, I next analyzed the ability 
of WRN to properly align telomeric repeats during fork regression.  Based on the 
previous results using daughter duplexes with unpaired loops (Figure 3.3), 
misalignment and “looping out” of repeats within the recognition (or cut) site 
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Figure 3.4  Regression of model replication fork with (TTAGGG)3.5.  A) 
*LagD50Fork-telo contains (TTAGGG)3.5 repeats (indicated by grey box) on the 
daughter-parental strands, adjacent to 5 nt of unique sequence at the fork 
junction (not shown).  A single daughter strand (here, lagging) is radiolabeled 
(asterisk (*)).  A 12 nt single-stranded gap was included on the leading strand for 
optimal regression activity.  Through a chicken-foot intermediate, WRN converts 
the model fork to an unlabeled parental duplex (LagP88telo/LeadP88telo) and a 
labeled daughter duplex (*LagD50telo/LeadD38telo).  B) WRN-E84A (0-0.96 
nM) was incubated with *LagD50Fork-telo (0.05 nM) at 37°C for 10 min.  
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Regression products were analyzed by native PAGE (8%).  Markers for the 
*50/38 daughter duplex and 88/*50 parental/daughter duplex are indicated.  
Percentage of fork converted to daughter duplex (mean ± SE) was quantitated 
from four independent experiments (right).  C) WRN-E84A (0.34 nM) was 
incubated with *LagD50Fork-telo (0.05 nM) at 37°C for 0-30 min.  Regression 
products were analyzed by native PAGE (8%).  Markers for the *50/38 daughter 
duplex and 88/*50 parental/daughter duplex are shown.  Percentage of fork 
converted to daughter duplex (mean ± SE) was quantitated from four 
independent experiments (right).  Red arrow denotes conditions used for 
subsequent regression experiments (0.34 nM WRN-E84A for 30 min). 
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would likely eliminate restriction enzyme cleavage.  Following near complete 
regression of *LagD50Fork-telo or *LeadD38Fork-telo by WRN (78-89%, data 
not shown), the reaction volume was split into aliquots, each treated with 
different restriction enzymes.  Restriction enzymes were chosen that have a 
recognition sequence (Bmr I, Xcm I, denoted by lines) and/or cut site (Bmr I, Bbs 
I, denoted by arrows) within the repeating sequence (Figure 3.5A).  In parallel, 
preformed daughter duplex substrates were treated under the same conditions 
to serve as markers for proper alignment and controls for efficiency of restriction 
digestion.  The lengths of the expected *DNA fragments generated by restriction 
digestion of a properly aligned daughter duplex are indicated for each restriction 
enzyme (Figure 3.5A).  The restriction products were analyzed on both native 
(data not shown) and denaturing polyacrylamide gels.  Bmr I (14 nt) and Xcm I 
(27 nt) both cut the labeled lagging strand of the *LagD50telo/LeadD38telo 
daughter duplex formed by WRN-mediated regression almost to completion 
(>90%, at essentially the same efficiency as the preformed daughter duplex) 
(Figure 3.5B, compare lanes 3-6), indicating that daughter duplexes formed 
during regression did not contain unpaired loops due to misalignment of 
telomeric repeats.  Likewise, analysis of cutting on the leading daughter strand 
(*LeadD38telo) shows both Xcm I (24 nt) and Bbs I (30 nt) cut the daughter 
duplex (LagD50telo/*LeadD38telo) formed from WRN-mediated regression to 
near completion (82-91%), again at a similar efficiency as preformed daughter 
duplex (Figure 3.5C, compare lanes 10,11,13.14).  These results were 
confirmed by native PAGE analysis (data not shown).  Results with Bmr I on 
LagD50telo/*LeadD38telo and Bbs I on *LagD50telo/LeadD38telo were not 
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Figure 3.5  Alignment analysis of (TTAGGG)3.5 repeats.  A) Daughter duplex 
with (TTAGGG)3.5 repeats (gray box) with labeled lagging strand (top, *50/38) or 
leading strand (bottom, 50/*38).  Restriction enzyme recognition sequence (line) 
and cut sites (arrow) are denoted.  Product lengths from restriction enzyme 
digestion of the respective labeled strands are indicated.  B) Restriction analysis 
of telomeric repeats.  Fork regression of *LagD50Fork-telo (0.05 nM) was 
performed using WRN-E84A (0.34 nM) at 37°C for 30 min.  The *50/38 daughter 
duplex (0.02 nM) was digested by Bmr I (0.001 U/µL) (purple) or Xcm I (0.025 
U/µL) (green).  Preformed daughter duplexes (0.02 nM) were used as a control.  
Restriction digestion products were analyzed by denaturing (14%) (shown) or 
native (8%) (not shown) PAGE.  Product sizes are indicated.  Percent of labeled 
strand converted to restriction product is indicated below each lane.  C) Fork 
regression of *LeadD38Fork-telo (0.05 nM) was performed using WRN-E84A 
(0.34 nM) at 37°C for 30 min.  The 50/*38 daughter duplex (0.02) was digested 
by Xcm I (0.025 U/µL) (green) or Bbs I (0.025 U/µL) (pink).  Preformed daughter 
duplexes (0.02 nM) were used as a control.  Restriction digestion products were 
analyzed by denaturing (14%) (shown) or native (8%) (not shown) PAGE.  
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Product sizes are indicated.  Percent of labeled strand converted to restriction 
product is indicated below each lane.  D) Primer extension analysis of telomeric 
repeats.  Following fork regression of *LeadD38Fork-telo (see above), daughter 
duplex product (0.04 nM) was treated with Kexo- (0.0025 U/µL) at 37°C for 30 
min.  Preformed daughter duplex (50/*38) (0.048 nM) was used as a control.  
Extension products were analyzed by denaturing PAGE (14%).  Product sizes 
are indicated (left).  Percentage of labeled strand converted to full length product 
is indicated below each lane. 
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shown due to a lack of efficient cutting on the indicated labeled strand on the 
respective preformed, fully paired daughter duplexes (data not shown), 
suggesting difficulties with the enzymes and not misalignment of the daughter 
duplex.  Although ideally each restriction enzyme would efficiently cleave both 
daughter strands in every instance, these results are consistent with the results 
presented here (Figure 3.5B,C).  Thus, this analysis using restriction enzymes 
indicates WRN properly aligns telomeric repeats during replication fork 
regression.   
 
 In addition to restriction enzyme analysis, I also employed DNA 
polymerase extension to examine proper alignment of repeated sequences 
during replication fork regression.  Correctly aligned daughter duplexes 
generated by WRN-E84A-mediated fork regression contain 12 nt 5’ overhangs 
(Fig. 3.5A) of the lagging daughter strand that can be utilized as templates for 
extension of the shorter radiolabeled leading strand using Kexo-.  If the daughter 
duplex is properly aligned, Kexo- will fully extend the 38 nt leading strand to the 
end of the template (Fig. 3.5D, top), generating 50-52 nt length products (note 
that Kexo- can add 1-2 untemplated nucleotides [Clark, Joyce et al. 1987]) when 
analyzed using denaturing PAGE.  However, Kexo- extension of a daughter 
duplex possessing a loop due to misalignment would result in longer or shorter 
products depending on whether loops were present in the leading or lagging 
strands, respectively.  In a similar manner as the restriction enzyme assays, a 
model replication fork with 3.5 telomeric repeats and a labeled leading daughter 
strand, *LeadD38Fork-telo, was regressed by WRN-E84A to near completion to 
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form daughter duplex (75%, data not shown) following a 30 min incubation. 
Immediate addition of Kexo- to these reactions leads to extension of the leading 
daughter strand (38-mer) to primarily produce a 51 nt product (93%) (Figure 
3.5D, lane 3), demonstrating proper alignment of the daughter duplex by WRN.  
Notably, no additional products were detected other than the unextended 38-mer 
leading strand, suggesting that there was no misalignment of telomeric repeats 
during WRN-mediated regression to form the daughter duplex.  At a similar 
efficiency, Kexo- extended the preformed daughter duplex to produce a 51 nt 
product (Figure 3.5D, compare lanes 3 and 6).  Combined with the previous 
restriction enzyme analysis, these results suggest WRN properly aligns 
telomeric repeats during replication fork regression of model replication forks. 
 
WRN aligns dinucleotide repeats during fork replication fork regression.  
Given that WRN correctly aligns telomeric repeats during replication fork 
regression, I also wanted to test WRN’s fidelity on a considerately shorter 
repeating unit with a greater potential for misalignment.  Therefore, dinucleotide 
repeats provide a more stringent evaluation of WRN’s fidelity during fork 
regression than telomeric repeats.  I constructed a model replication fork with 
10.5 dinucleotide (AC) repeats (on the lagging daughter strand) within the 
parental-daughter arms near the fork junction; however, all other structural 
aspects are the same as the telomeric fork (Figure 3.6A).  As with the telomeric 
fork, I initially analyzed the extent of WRN-mediated fork regression using a 
model replication fork with dinucleotide repeats, *LagD50Fork-AC (Figure 3.6).   
Although 80% regression was achieved with 0.4 nM WRN-E84A following 10  
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Figure 3.6  Regression of model replication fork with (AC)10.5.  A) 
Regression of *LagD50Fork-AC produces a non-labeled parental duplex 
(LagP88AC/LeadP88AC) and a radiolabeled daughter duplex 
(*LagD50AC/LeadD38AC).  Location of (AC)10.5 repeats are indicated by grey 
box.  B) Regression was performed by incubating *LagD50Fork-AC (0.05 nM) 
with WRN-E84A (0-0.8 nM) at 37°C for 10 min.  Regression products were 
analyzed by native PAGE (8%).  Percentage of fork converted to daughter 
duplex (mean ± SE) was calculated from three independent experiments (right).  
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C) To perform regression, *LagD50Fork-AC (0.05 nM) was incubated with WRN-
E84A (0.36 nM) at 37°C for 0-30 min.  Regression products were analyzied by 
native PAGE (8%).  Percentage of fork converted to daughter duplex (mean ± 
SE) was calculated using three independent experiments.  Red arrow denotes 
conditions used for some subsequent regression experiments (0.36 nM WRN-
E84A for 30 min). 
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min (lane 7, Figure 3.6B), further conversion (87%) was achieved after 30 min 
(lane 9, Figure 3.6C), a level that is comparable to the telomeric fork (Figure 
3.4C, lane 6).  These optimal conditions were used for regression of the 
dinucleotide repeat fork in subsequent reactions.   
 
 Initially, alignment of dinucleotide repeats in the daughter duplexes 
formed from WRN-mediated regression of the dinucleotide fork was tested using 
restriction enzymes (Figure 3.7A).  Preformed daughter duplexes were 
examined in parallel as positive controls.  Once again, forks (and preformed 
daughter duplexes) were constructed with either the lagging (*LagD50AC) or 
leading (*LeadD38AC) daughter strand labeled.  Restriction enzymes were 
chosen that have recognition sites (Msl I or Nsp I) and/or cut sites (Bmr I, Msl I, 
Acu I, and Nsp I) within the repeating sequences (Figure 3.7A).  Lengths of the 
expected *DNA fragments formed from restriction digestion of a properly aligned 
daughter duplex are indicated for each individual enzyme (Figure 3.7A).  
Following near complete regression by WRN-E84A (67-92%, data not shown), 
restriction products were analyzed on native (data not shown) and denaturing 
polyacrylamide gels.  The *LagD50AC/LeadD38AC daughter duplex formed 
from WRN-mediated regression was cut by Acu I (16 nt, 71%), Bmr I (19 nt, 
82%), and Msl I (18 nt, 79%) with similar efficiency as the preformed 
*LagD50AC/LeadD38AC daughter duplex (70%, 85%, and 73% respectively) 
(Figure 3.7B, compare lanes 3, 4, 5 with 7, 8, 9).  Likewise, Msl I (32 nt, 67%) 
and Nsp I (31 nt, 90%) cleaved the WRN-generated LagD50AC/*LeadD38AC 
daugther duplex to a similar degree as the preformed 50/*38 daughter duplex  
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Figure 3.7  Alignment analysis of (AC)10.5 repeats.  A) Daughter duplex with 
(AC)10.5 repeats (gray box) with labeled lagging strand (top, *50/38) or leading 
strand (bottom, 50/*38).  Restriction enzyme recognition sequence (line) and cut 
sites (arrow) are denoted.  Product lengths from restriction enzyme digestion of 
the respective labeled strands are indicated.  B) Restriction analysis of 
dinucleotide repeats.  Fork regression of *LagD50Fork-AC (0.05 nM) was 
performed using WRN-E84A (0.36 nM) at 37°C for 30 min.  The *50/38 daughter 
duplex (0.019 nM) was digested by Acu I (0.125 U/µL) (orange), Bmr I (0.0025 
U/µL) (purple), or Msl I (0.125 U/µL) (teal).  Preformed daughter duplexes (0.02 
nM) were used as a control.  Restriction digestion products were analyzed by 
denaturing (14%) (shown) and native (8%) (not shown) PAGE.  Product sizes 
are indicated.  Percent of labeled strand converted to restriction product is 
indicated below each lane.  C) Fork regression of *LeadD38Fork-AC (0.05 nM) 
was performed using WRN-E84A (1.17 nM) at 37°C for 30 min.  The 50/*38 
daughter duplex (0.02 nM) was digested by Msl I (0.125 U/µL) (teal) or Nsp I 
(0.25 U/µL) (blue).  Preformed daughter duplexes (0.02 nM) were used as a 
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control.  Restriction digestion products were analyzed by denaturing (14%) 
(shown) and native (8%) (not shown) PAGE.  Product sizes are indicated.  
Percent of labeled strand converted to restriction product is indicated below 
each lane.  D) Primer extension analysis of dinucleotide repeats.  Following fork 
regression of *LeadD38Fork-AC (see above), daughter duplex product (0.04 nM) 
was treated with Kexo- (0.0025 U/µL) at 37°C for 30 min.  Preformed daughter 
duplex (50/*38) (0.048 nM) was used as a control.  Product sizes are indicated 
(left).  Percentage of labeled strand converted to full length product is indicated 
below each lane. 
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(54% and 87% respectively) (Figure 3.7C, compare lanes 12, 13 with 15, 16). 
Restriction enzyme cleavage was also observed by native PAGE analysis (data 
not shown).  Like restriction enzyme analysis on the telomeric daughter 
duplexes, some restriction enzymes (Acu I, Bmr I, and Nsp I) did not cleave both 
daughter strands.  Importantly, these enzymes did not cut the properly aligned 
daughter duplexes indicating a limitation of the enzyme and not misalignment.  
Therefore, these results obtained using restriction enzymes suggest the shorter 
dinucleotide repeats are properly aligned by WRN during replication fork 
regression.   
 
 Alignment of daughter duplexes containing dinucleotide repeats was also 
determined using primer extension.  Following fork regression by WRN to form a 
daughter duplex, Kexo- can use the 12 nt 5’ overhang of the 50 nt lagging strand 
(Fig. 3.7A) as a template to extend the 38 nt labeled leading strand (Fig. 3.7D, 
top).  Following near complete regression of *LeadD38Fork-AC by WRN (90%, 
data not shown), Kexo- extends the leading strand, generating a fully extended 
product (50 nt) and occasionally adds one additional untemplated nucleotide (51 
nt) (87%) (Figure 3.7D, lane 3) [Clark, Joyce et al. 1987].  Importantly, these 
extension products comigrate with those formed from the preformed daughter 
duplex and are generated with similar efficiency (86%) (lane 6); furthermore, no 
shorter or longer extension products that would indicate misalignment are 
formed.  The 50 nt marker, which is made up of the sequence complementary to 
the extension product, does not migrate to the same location as the extended 
leading strand likely due to differing sequences.  Therefore, even in the absence 
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of a proper 50 nt marker, these results are supportive of proper repeat alignment 
of the WRN-produced daughter duplex.  Along with the previous results using 
restriction enzymes, these findings suggest that WRN properly aligns both short 
repeats, such as dinucleotide repeats, and longer repeats during fork regression. 
 
The non-RecQ helicase, RecG, aligns telomeric repeats during replication 
fork regression.  In addition to WRN, a few other enzymes have been 
demonstrated to perform fork regression.  Among those enzymes, it is unknown 
whether repeat alignment during regression is limited to WRN.  Therefore, I 
examined the alignment of telomeric repeats of the daughter duplex formed from 
regression of the *LeadD38Fork-telo by RecG (Figure 3.8), an Escherichia coli 
ATP-dependent helicase that performs fork regression [Whitby and Lloyd 1998].  
Like the previous WRN experiments, following near complete regression by 
RecG (80.5%) (Figure 3.8A, lane 2), the resulting daughter duplex, 
LagD50telo/*LeadD38telo, was treated with restriction enzymes with a 
recognition site (Xcm I) or a cut site (Bbs I) within the telomeric repeats (Figure 
3.8B, top).  Xcm I (24 nt, 85%) and Bbs I (30 nt, 90%) cut the daughter duplex 
formed from regression with similar efficiency as the preformed daughter duplex 
(77% and 85% respectively) (Figure 3.8B, compare lanes 3, 4 with 6, 7).  
Therefore, use of restriction enzymes indicates RecG properly aligns telomeric 
repeats during regression. 
 
 In parallel, I also performed primer extension assays on the products of 
regression reactions carried out by RecG on the *LeadD38Fork-telo substrate  
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Figure 3.8  Alignment analysis of (TTAGGG)3.5 repeats following RecG-
mediated regression.  A) Regression was performed by incubated 
*LeadD38Fork-telo (0.05 nM) with RecG (0.5 nM) at 37°C for 30 min.  
Regression products were analyzed by native PAGE (8%).  Markers of the 
parental/daughter duplex (88/*38), daughter duplex (50/*38), and single strand 
(*38) are shown.  Percentage of fork converted to daughter duplex is indicated 
below (lane 2).  B) Restriction analysis of telomeric fork following regression by 
RecG.  Daughter duplex with (TTAGGG)3.5 repeats (gray box) with labeled 
leading strand (50/*38) (top).  Restriction enzyme recognition sequence (line) 
and cut sites (arrow) are denoted.  Product lengths from restriction enzyme 
digestion of the respective labeled strands are indicated.  Following fork 
regression of *LeadD38Fork-telo (see above), the 50/*38 daughter duplex (0.02 
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nM) was digested by Xcm I (0.025 U/µL) (green) or Bbs I (0.025 U/µL) (pink).  
Preformed daughter duplexes (0.02 nM) were used as a control.  Restriction 
digestion products were analyzed by denaturing (14%) (shown) and native (8%) 
(not shown) PAGE.  Product sizes are indicated.  Percent of labeled strand 
converted to restriction product is indicated below each lane.  C) Primer 
extension analysis of dinucleotide repeats.  Following fork regression of 
*LeadD38Fork-AC (see above), daughter duplex product (0.04 nM) was treated 
with Kexo- (0.0025 U/µL) at 37°C for 30 min.  Preformed daughter duplex 
(50/*38) (0.048 nM) was used as a control.  Extension products were analyzed 
by denaturing PAGE (14%).  Product sizes are indicated (left).  Percentage of 
labeled strand converted to full-length product is indicated below each lane. 
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containing telomeric repeats.  In these assays, Kexo- predominately generated a  
51 nt extension product (with some 50 and 52-mers produced) (96%) from the 
daughter duplex generated from RecG regression, LagD50telo/*LeadD38telo 
(Figure 3.8C, lane 3).  Notably, no shorter or longer products were detected, 
suggesting no unpaired loops were formed.  When the preformed daughter 
duplex was used as substrate for extension by Kexo- (lane 6), similar results 
were obtained (92% extended).  These results indicate that both WRN and 
RecG, properly align repeated sequences during fork regression. 
 
 DISCUSSION 
 
As an initial response to blocked replication, WRN is proposed to regress 
replication forks, a mechanism that allows for lesion bypass or repair as a 
method of genome maintenance and stability. WRN unwinds the daughter 
strands from the respective parental strands and in concert, anneals the 
homologous daughter strands as well as the homologous parental arms, forming 
a chicken-foot intermediate [Machwe, Xiao et al. 2007].  Our lab previously 
reported WRN regresses model replication forks with random sequence 
producing a daughter duplex and a parental duplex in the in vitro model system 
[Machwe, Xiao et al. 2006].   Unlike random sequences, the potential exists for 
misalignment of repeating sequences during regression.  In particular, 
misalignment of telomeric sequence may lead to telomere deletions.  Due to the 
strong evidence linking WRN to telomeres, I investigated the alignment of 
repeating sequences within the daughter duplex following WRN-mediated 
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regression.  The results presented here indicate WRN mediates correct “in-
frame” alignment of both telomeric (TTAGGG) and dinucleotide (AC) repeats 
during replication fork regression, as demonstrated using both restriction 
enzyme and primer extension assays, supporting a role for WRN in promotion of 
efficient telomere replication. 
 
Initially, and most relevant to WRN, alignment of telomeric repeats was 
examined.  Model replication forks containing 3.5 telomeric repeats with either 
the lagging strand (*LagD50Fork-telo) or leading strand (*LeadD38Fork-telo) 
were efficiently regressed by WRN, producing a radiolabeled daughter duplex.  
Using restriction enzymes with cut or recognition sites within the telomeric 
repeats, I examined the alignment of the daughter duplex repeats.  Unpaired 
loops that destroy the recognition site, similar to those that may occur during 
repeat misalignment, eliminated restriction enzyme cleavage of both the leading 
and lagging strands, confirming the validity of this restriction enzyme analysis. 
However, following near complete WRN-mediated regression, restriction 
enzymes cleaved both the leading and lagging strand of the daughter duplex 
product, as determined by native and denaturing PAGE.  Importantly, restriction 
enzyme analysis of control preformed daughter duplexes produced identical 
*DNA products with a similar cleavage efficiency, indicating proper telomeric 
repeat alignment during WRN-mediated fork regression.   To further examine 
telomeric repeat alignment, I utilized a primer extension assay on daughter 
duplexes produced by WRN-mediated regression.  Primer extension of 
misaligned daughter duplexes with “looped out” repeats would result in shorter 
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or longer extension products.  Primer extension generated full-length extension 
products of regression-generated and control preformed daughter duplexes at 
similar efficiencies, again supporting proper telomeric repeat alignment by WRN 
during regression.  These results were not limited to WRN as RecG, a non-
RecQ helicase that has also been demonstrated to perform fork regression 
[Whitby and Lloyd 1998], correctly aligned telomeric repeats.  
 
Although WRN properly aligns telomeric repeats, shorter repeats possess 
a greater probability of misalignment.  Therefore, I examined the alignment of 
dinucleotide (AC) repeats during fork regression using restriction enzyme 
analysis and primer extension analysis.  Following complete fork regression of 
*LagD50Fork-AC or *LeadD38Fork-AC, restriction enzyme cleavage was 
observed on both the lagging and leading strands of the resulting daughter 
duplex.  Importantly, restriction digestion of control preformed daughter duplexes 
generated identical products at similar efficiencies, suggesting WRN properly 
aligned dinucleotide repeats during fork regression.  Polymerase extension of 
regression-generated daughter duplexes produced full-length products, and no 
shorter or longer products were observed.  These products were generated at 
similar levels and comigrated with control preformed daughter duplex extension 
products.  Therefore, the results presented here indicate WRN correctly aligns 
not only telomeric repeats but also shorter dinucleotide repeats of daughter 
duplexes, revealing the precise nature of WRN regression, particularly at 
repeating sequences.  The impressive ability of the enzyme to properly align 
much shorter repeats provides greater support for a strong proficiency of WRN 
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for proper alignment of telomeric sequence.  These daughter duplex products 
are generated by annealing, either following WRN-mediated unwinding of 
parental/daughter strands or in coordination with unwinding.  Proper alignment 
of telomeric and dinucleotide repeats during WRN-mediated fork regression 
support an active mechanism, with coordination of helicase and annealing 
activities, as previously reported [Machwe, Xiao et al. 2007].  
  
Loss of WRN leads to hypersensitivity to chemical agents that stall or 
block replication [Lebel and Leder 1998; Pichierri, Franchitto et al. 2001; Poot, 
Yom et al. 2001], indicating the WRN protein may play a role in replication.  
Even in the absence of exogenous agents, WS cells undergo asymmetric 
replication [Rodriguez-Lopez, Jackson et al. 2002] and are more prone to 
developing double-strand breaks at fragile sites [Pirzio, Pichierri et al. 2008], 
indicating replication difficulties.  In particular, WS cells specifically undergo 
elevated recombination at telomeres [Laud, Multani et al. 2005], a repeating 
sequence that also resemble fragile sites [Sfeir, Kosiyatrakul et al. 2009], likely 
suggesting frequent telomere replication fork stalling in the absence of WRN.  
Particularly at telomeres, WRN may perform fork regression as a high-fidelity 
mechanism to repair or resolve DNA damage or secondary structures that block 
replication, thus promoting complete telomere synthesis and maintenance of 
functional telomeres.  Even in the presence of WRN, telomeres possess unique 
features that may render these sequences more susceptible to replication fork 
blockage than other regions of the genome.  Telomeres are likely replicated 
unidirectionally [Gilson and Geli 2007], meaning a converging fork will not 
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rescue blocked forks located at the chromosome ends.  Unique telomeric 
structures (T-loops) [Griffith, Comeau et al. 1999], and telomere-specific binding 
proteins (TRF1, TRF2, and POT1) [Zhong, Shiue et al. 1992; Bilaud, Brun et al. 
1997; Broccoli, Smogorzewska et al. 1997; Baumann and Cech 2001] likely 
need to be resolved or displaced prior to arrival of the replication fork.  
Additionally, due their repetitive, G-rich nature, the lagging strands of telomeres 
are capable of forming bulky and compact secondary structures within single-
stranded regions generated during replication such as G-quadruplexes or 
guanine hairpins (Chapter 2) [Lipps and Rhodes 2009].  I reported 
intramolecular G-quadruplexes block a wide range of polymerases (Chapter 2), 
suggesting these structures may contribute to the replication stress observed at 
telomeres.  WRN, which colocalizes with sites of stalled replication 
[Constantinou, Tarsounas et al. 2000], functionally interacts with several 
members of the replication machinery, including pol δ, PCNA, and RPA [Brosh, 
Orren et al. 1999; Lebel, Spillare et al. 1999; Kamath-Loeb, Johansson et al. 
2000; Rodriguez-Lopez, Jackson et al. 2003].  WRN interacts with telomeres 
during synthesis [Crabbe, Verdun et al. 2004; Opresko, Otterlei et al. 2004] and 
may be specifically recruited to stalled replication forks at telomeres through a 
functional interaction with the telomere-binding proteins TRF2 and/or POT1 
[Opresko, von Kobbe et al. 2002; Machwe, Xiao et al. 2004; Opresko, Mason et 
al. 2005], which may be associated with the telomeric replication fork [Arnoult, 
Saintome et al. 2009].  In the absence of WRN, stalled telomeric replication forks 
may collapse and/or undergo recombination, potentially leading to significant 
telomere loss and telomere instability, similar to the molecular characteristics of 
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WS [Bai and Murnane 2003; Chang, Multani et al. 2004; Crabbe, Jauch et al. 
2007].  By performing high-fidelity fork regression in telomeric repeating 
sequences, WRN may help maintain telomere sequence and structural integrity 
in the event of replication difficulties, thereby evading the telomere dysfunction 
and premature aging observed in human WS.   
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CHAPTER 4 
 
RECOMBINATION-RELATED STRUCTURAL PREFERENCE OF WRN AT 
PHYSIOLOGICAL SALT CONCENTRATIONS 
 
INTRODUCTION 
 
 In response to stalled or blocked replication forks, various mechanisms 
are often employed to maintain genomic stability.  Bulky DNA damage or 
secondary structures on the leading or lagging strands that block replication may 
be bypassed by translesion polymerases or be repaired following regression.  
However, homologous recombination (HR) may also be employed under these 
circumstances as an error-free mechanism to allow replication to continue past a 
blockage [Wu and Hickson 2006].   In addition, HR is the preferred pathway of 
double-strand break repair at stalled replication sites [Arnaudeau, Lundin et al. 
2001].  Regardless of the specific mechanism, proper HR requires efficient 
completion of strand invasion, branch migration, and resolution [Hiom 2001].  
Diseases resulting from a deficiency in any of these HR steps are characterized 
by genomic instability and a predisposition for cancer [van Gent, Hoeijmakers et 
al. 2001], similar to RecQ-related syndromes such as WS [Salk, Au et al. 1981; 
Goto, Miller et al. 1996], suggesting WRN may play a role in HR.  WRN 
homologs in both E. coli (RecQ) and S. cerevisiae (Sgs1) suppress illegitimate 
recombination [Harmon and Kowalczykowski 1998; Yamagata, Kato et al. 1998; 
Myung, Datta et al. 2001], while WRN depletion in Xenopus laevis egg extracts 
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reduces homology-based repair [Yan, McCane et al. 2005], suggesting a role in 
recombination may be conserved in humans.  Cells derived from patients with 
WS are sensitive to agents that block or stall replication, including interstrand 
crosslinkers, topoisomerase inhibitors, and hydroxyurea [Lebel and Leder 1998; 
Pichierri, Franchitto et al. 2001; Poot, Yom et al. 2001], suggesting WRN plays a 
role in the repair of replication fork stalling potentially through a HR pathway.   
 
 In addition to WRN’s preference for substrates that resemble 
recombination intermediates [Bohr 2008], WRN also exhibits several activities 
that together could suggest a role in recombination.  WRN possesses a 3’ to 5’ 
helicase activity that has been demonstrated to play an important role in 
genomic stability at common fragile sites [Pirzio, Pichierri et al. 2008], which may 
be repaired by HR [Schwartz, Zlotorynski et al. 2005].  WRN can also anneal 
two complementary strands, an activity that seems contradictory to unwinding 
[Machwe, Xiao et al. 2005].  However, WRN coordinates its helicase and 
annealing activities to perform strand exchange in vitro [Machwe, Xiao et al. 
2005].  During strand exchange, WRN cooperatively unwinds duplex DNA and 
anneals the complementary invading strand through a strand invasion 
intermediate.  The mechanism of strand invasion is similar to branch migration, 
suggesting WRN may resolve recombination intermediates in vivo.  Therefore, in 
response to replication fork blockage or stalling, WRN may perform branch 
migration and potentially resolve recombination intermediates to promote 
genomic stability.   
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Although recombination intermediates are formed throughout the 
genome, WRN is likely to play a more significant role in telomere HR as the 
genomic instability observed in WS has been linked to telomere dysfunction 
[Crabbe, Jauch et al. 2007].  Loss of WRN’s helicase activity in murine cells 
leads to elevated telomeric sister chromatid exchange (T-SCE), suggesting this 
activity of WRN normally represses illegitimate telomere recombination [Laud, 
Multani et al. 2005].  Telomeric HR may be more inherently difficult since 
thousands of repeating units may misalign during recombination.  Telomeres in 
mammalian cells also form a unique structure that protects the ends of linear 
chromosomes from double-strand break recognition and checkpoint activation 
[Chin, Artandi et al. 1999; Griffith, Comeau et al. 1999; Denchi and de Lange 
2007].  T-loops are formed by invasion of the 3’ single strand overhang into the 
telomeric duplex, a similar strand invasion event that occurs during HR.  The 3’ 
lagging strand overhang of telomeres invades the telomeric duplex forming a 
large loop structure.  WS primary fibroblasts senesce with longer telomeres on 
average than normal controls [Schulz, Zakian et al. 1996], suggesting the 
premature senescence observed in WS may be due to a single critically short 
and/or dysfunctional telomere [Wyllie, Jones et al. 2000; Hemann, Strong et al. 
2001].  Therefore, WRN may protect against telomere stability by promoting 
proper recombination and T-loop formation while suppressing illegitimate 
telomeric recombination.  Specifically, I examined WRN’s role at a strand 
invasion intermediate while focusing on the telomeric aspects of this structure.  
Here, I performed helicase and binding assays to investigate WRN’s structural 
preferences of recombination intermediates, especially at physiological 
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intracellular salt concentrations.  Telomeric sequence characteristics are 
considered in Chapter 5. 
 
METHODS 
 
Enzymes.  WRN-E84A has a point mutation that eliminates the exonuclease 
activity [Huang, Li et al. 1998] but retains the 3’ to 5’ helicase activity.  The 
enzyme was overexpressed as described in Chapter 3.  DNase I and T4 
polynucleotide kinase (PNK) were purchased from New England Biolabs 
(Ipswich, MA).  BLM was overexpressed as described in [Karow, Chakraverty et 
al. 1997] and provided as a gift by Joanna Groden (Ohio State University).  UvrD 
was provided as a gift by Steven Matson (University of North Carolina). 
 
DNA substrates.  All oligonucleotides used were PAGE-purified and purchased 
from Integrated DNA Technologies, Inc (Coralville, IA) (Table 4.1).  The oligo 
“base” was 5’ radiolabeled using 32P-γ-ATP and T4 polynucleotide kinase as 
described in Chapter 2.  To form three-way junctions, single-flap substrates, and 
two-stranded forks (Figure 4.1), an excess of the appropriate cold 
oligonucleotides (5’ flap and/or 3’ flap) were annealed to *base in 50 mM Tris 
(pH 8.0) and 10  mM  MgCl2  by  heating  to  90°C  and  slow cooling  in a  step-
wise manner as described in Chapter 2.  Three-way junction substrates, 3-
way(5’-comp) and 3-way(3’-comp), were generated using a two-step annealing 
process.  An excess of the non-complementary 3’flap(21nt) or 5’flap(21nt) were 
initially annealed to *base as described above.  A slight excess of the flap strand  
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Table 4.1  Oligonucleotides used to construct HR-related substrates. 
  
 
 
 
 
 
 
*Base
5’-CACTGACTCCAGGAACTGGAGGATGCCTAGGTGGCCAGCTGCCGTCCAGACTCAGAGGAGTG-3’
Base Oligos
5’flap(21nt)
5’-TCACTTGACAAGTGACTGTGACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’flap(0nt)
5’-CCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’flap(5nt)
5’-CTAGTCCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’flap(21nt)comp
5’-AGTCTGGACGGCAGCTTGTGACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’flap(31nt)
5’-CACTTGGACCTCAAGTCCGACTCAGGCTAGTCCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’ Flap Oligos
3’flap(21nt)
5’-CACTCCTCTGAGTCTGGACGGCAGCTGGCCAAGTGTGAGTGTGAGTGTGAGT-3’
3’flap(21nt)comp
5’-CACTCCTCTGAGTCTGGACGGCAGCTGGCCAAGTGTGCATCCTCCAGTTCCT-3’
3’flap(0nt)
5’-CACTCCTCTGAGTCTGGACGGCAGCTGGCCA-3’
3’ Flap Oligos
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Figure 4.1  HR-related substrates.  Three-way junction (top) and fork (middle) 
substrates were generated by annealing the indicated oligonucleotides.  
Complementary three-way junction substrates were annealed using a two-step 
process (see Methods).   
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containing base complementarity (5’flap(21nt)comp or 3’flap(21nt)comp) were 
then annealed to the respective fork at room temperature overnight.  To remove 
unannealed strands, the substrates were electrophoresed on a 6% (19:1 unless 
otherwise stated) polyacrylamide native gel.  The bands corresponding to each 
substrate were eluted in 10 mM Tris (pH 8.0) and 10 mM NaCl. 
 
Helicase assay.  Unwinding assays were performed in 10 µL WRN reaction 
buffer (40 mM Tris-HCl (pH 8.0), 1 mM MgCl2, 5 mM dithiothreitol, 100 µg/mL 
BSA, 0.1% NP40, and 250 µM ATP) with labeled substrate (0.2 nM), as 
specified in Results, and 0-100 mM NaCl.  Reactions were carried out at 37°C 
with WRN-E84A (0.45-2.5 nM), BLM (0.31 nM), or UvrD (0.8 nM) for 0-15 min.  
Enzymatic reactions were stopped by addition of 0-0.16% SDS and 4 mM 
EDTA.  Enzymes were digested using 0.4 mg/mL proteinase K at 37°C for 10 
min and 1/6 volume of dyes (30% glycerol, 50 mM EDTA, 0.25% bromophenol 
blue, and 0.25% xylene cyanol) was added.  The resulting DNA products were 
separated by native PAGE (6-8%).  Labeled products were visualized and 
quantitated using the Storm 860 Phosphoimager and ImageQuant software (GE 
Healthcare). 
 
Electrophoretic mobility shift assay (EMSA).  To examine protein-DNA 
binding, EMSA was performed in 20 µL WRN reaction buffer, except ATP was 
substituted with 250 µM ATPγS, the non-hydrolyzable ATP analog, along with 
50 mM NaCl.  Labeled substrate (0.1 nM), as specified in Results, and WRN-
E84A (0.03-0.15 nM) were incubated at 37°C for 10 min.  Either 1/6 volume of 
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glycerol (30%) or dyes, as indicated, was added to the reaction volume.  
DNA/enzyme complexes were separated from unbound substrate by 
electrophoresis at room temperature on 3.5% (37.5:1) native polyacrylamide 
gels in 1xTBE (90 mM Tris pH 8.0, 90 mM boric acid, 2 mM EDTA) without 
NaCl.  Labeled DNA products were visualized as previously described.  
  
DNase I footprinting.  Footprinting was performed in 10 µL WRN reaction 
buffer without NaCl to examine the location of WRN binding on the substrate.  
Radiolabeled *3-way(5’-21nt) (2.1 nM) was pre-incubated with WRN-E84A (0-
5.76 nM) at 4°C for 5 min.  Following WRN binding, DNase I (1 U/mL) was 
incubated with the DNA/WRN complexes at 25°C for 10 min.  An equal volume 
of formamide loading buffer (95% formamide, 20 mM EDTA, 0.05% xylene 
cyanol, and 0.05% bromophenol blue) was added to stop the reaction.  The 
resulting DNA fragments were heat denatured at 90°C for 5 min and 
electrophoresed on a 12% polyacrylamide denaturing gel.  Labeled products 
were visualized as previously described. 
 
RESULTS 
 
Strand invasion intermediates are a preferred substrate for WRN in 
physiological salt.  WRN prefers substrates that consist of complex single-
strand/double-strand intersections, including structures found during 
recombination [Opresko, Cheng et al. 2004].  This study focused on WRN’s 
activity on a HR-related strand invasion intermediate, a three-way junction 
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generated by invasion of a homologous single strand into a double-stranded 
region.  Since the three-way junction is a predominant feature of T-loops, the 
protective structures found at the ends of mammalian telomeres [Griffith, 
Comeau et al. 1999], this recombination intermediate may provide greater 
insight into WRN’s role in telomeric recombination.   Furthermore, a three-way 
junction is generated during WRN-mediated strand exchange [Machwe, Xiao et 
al. 2005], suggesting WRN may combine its helicase and annealing activities to 
enhance branch migration of a similar structure during recombination.  In the 
present chapter, I focus on the structural requirements for efficient WRN 
helicase activity. 
 
To examine the structural preference of WRN as it relates to HR, I 
examined several structural variations of strand invasion intermediate.  The 
three-way junction, which directly mimics a HR strand-invasion intermediate, 
consists of two single-stranded flaps, a 5’ flap that mimics the invading strand 
and a non-invading 3’ flap strand.  These substrates consisted of a double 
stranded region on each side of the junction consisting of similar nucleotide 
composition, preventing unwinding bias.  Single flap structures, *3-way(5’-0nt) 
and *3-way(3’-0nt) lack the 5’ or 3’ single-stranded flap, respectively.  The two-
stranded forks, *Fork(3’-21nt) and *Fork(5’-21nt) lack the strand forming the 5’ 
flap or 3’ flap, respectively (Figure 4.1).  Using a WRN concentration previously 
determined to permit moderate but sub-saturating unwinding of 3-way (5’-21nt) 
substrate (data not shown), a helicase assay was performed on *3-way(5’-21nt), 
*3-way(5’-0nt), *3-way(3’-0nt), *Fork(3’-21nt), and *Fork(5’-21nt) in 50-200 mM 
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NaCl (Figure 4.2).  The exonuclease-deficient WRN mutant, WRN-E84A, was 
used in these experiments for direct evaluation of WRN’s helicase activity.  Each 
product generated in this assay reflects displacement of one or more strands, as 
represented by faster migration on a native polyacrylamide gel.  In the presence 
of ATP, WRN primarily displaced a single flap strand of *3-way(5’-21nt) 
generating a two-stranded fork product (Figure 4.2A, lane 2).  A small amount of 
single-stranded *base was also generated by release of both flap strands (lane 
2).  While the two-stranded forks and single-flap substrates were unwound at 
similar levels in 50 mM NaCl, the model strand invasion intermediate *3-way(5’-
21nt) was more efficiently unwound (Figure 4.2B).  WRN-mediated unwinding of 
the two-stranded forks and single-flap substrates was reduced at 100 mM NaCl, 
while unwinding of the model strand invasion intermediate was unaffected 
(Figure 4.2B).  WRN’s preference for the model strand invasion intermediate 
was enhanced at 100-150 mM NaCl, but overall unwinding was significantly 
reduced at 200 mM NaCl (Figure 4.2B).  To determine if the differing product 
amounts were due to WRN annealing activity, I examined the rate of unwinding 
of the dual-flap, *3-way(5’-21nt), single-flap, *3-way(5’-0nt), and two-stranded 
fork, *Fork(3’-21nt) substrates in 100 mM NaCl for 0-10 min (Figure 4.2C).  A 
similar pattern of structural preference was observed even after short time 
points, suggesting these products resulted from structure-specific WRN helicase 
activity and not due to differential annealing (Figure 4.2C).  Taken, together, 
these results indicate WRN preferentially unwinds a three-way junction structure 
resembling HR intermediates. 
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Figure 4.2  WRN preferentially unwinds model strand invasion 
intermediates.  A) Helicase assays were performed on *3-way(5’-21nt) (lanes 
1-5), *3-way(5’-0nt) (lanes 6-10), *3-way(3’-0nt) (lanes 11-15), *Fork(3’-21nt) 
(lanes 16-20), and *Fork(5’-21nt) (lanes 21-25) (0.2 nM) in 50-100 mM NaCl 
using WRN-E84A (0.45 nM) at 37°C for 10 min.  Unwinding products were 
analyzed by native PAGE (6%).  Structures of resulting DNA products are 
indicated.  B) Calculations of percentage of original substrate converted to 
shorter products (mean ± SE) using four independent experiments.  Single-
stranded DNA was not included in unwinding calculations of dual- or single-flap 
substrates.  C) Helicase assays were performed on *3-way(5’-21nt), *Fork(3’-
21nt), and *3-way(5’-0nt) (0.2 nM) in 100 mM NaCl using WRN-E84A (0.45 nM) 
at 37°C for 0-10 min.  Unwinding products were analyzed by native PAGE (6%) 
(not shown).  Percentage of the original substrate unwound (mean ± SE) was 
calculated using five independent experiments. 
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Previous results indicated WRN preferentially unwound a model strand 
invasion intermediate compared to other related structures.  To determine if 
greater helicase activity was a consequence of enhanced DNA binding, I 
examined binding of WRN-E84A protein over a range of concentration (0-200 
nM) to *3-way(5’-21nt), *Fork(5’-21nt), *Fork(3’-21nt), *3-way(3’-0nt), *3-way(5’-
0nt), and *base in 50 mM NaCl at 37°C for 10 min using EMSA (Figure 4.3).  
Discrete slower-migrating WRN-DNA complexes were generated in a WRN 
concentration-dependent manner, but WRN affinity varied with different 
structures (Figure 4.3A).  WRN bound a greater percentage of the model strand 
invasion intermediate and *Fork(3’-21nt) compared to *Fork(5’-21nt), the single-
flap substrates, or single-stranded *base.  The pattern of structural 
discrimination observed here was mostly similar to the unwinding results.  
However, the helicase studies suggested the two-stranded fork *Fork(3’-21nt) 
was a poorer substrate than the model strand invasion intermediate.  
 
In our experience, WRN-DNA binding is impacted by the presence of 
bromophenol blue (BPB) and xylene cyanol (XC), dyes used in gel 
electrophoresis.  Since WRN bound the model strand invasion intermediate at 
similar levels as a two-stranded fork (Figure 4.3A-B), I examined binding of 
these structures under these conditions.  Increasing WRN concentrations were 
incubated with *3-way(5’-21nt) and *Fork(3’-21nt) in 50 mM NaCl at 37°C.  
Following conclusion of the binding reaction, BPB and XC were added (Figure 
4.3C).  Under these more stringent conditions, WRN bound to the model strand 
invasion intermediate *3-way(5’-21nt) in a WRN-concentration dependent 
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Figure 4.3  WRN more stably binds model strand invasion intermediates 
near the single-stranded/double-stranded junction.  A) WRN preferentially 
binds a model strand invasion intermediate as determined by EMSA.  WRN-
E84A (0.038-0.15 nM) was incubated with *3-way(5’-21nt) (lanes 1-4), *Fork(5’-
21nt) (lanes 5-8), *Fork(3’-21nt) (lanes 9-12), *3-way(3’-0nt) (lanes 13-16), *3-
way(5’-0nt) (lanes 17-20), and *base (lanes 21-24) (0.1 nM) in 50 mM NaCl at 
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37°C for 10 min.  Glycerol (30%) was added following the binding reaction.  
Binding was analyzed by native PAGE (3.5%, 37.5:1) at room temperature.  B) 
Binding was quantitated as percentage of original substrate bound (mean ± SE) 
using four independent experiments.  C) WRN more stably binds a model strand 
invasion intermediate as determined by EMSA.  WRN-E84A (0.03-0.12) was 
incubated with *3-way(5’-21nt) or *Fork(3’-21nt) (0.1 nM) in 50 mM NaCl at 37°C 
for 10 min.  Glycerol (30%) with dyes (BPB and XC, 0.25% each) was added 
following the binding reaction.  Binding was analyzed using native PAGE (3.5%, 
37.5:1) (not shown).  Binding was calculated as percentage of original substrate 
bound by WRN (mean ± SE) using five independent experiments.  D) WRN 
binds near the junction as determined by DNase I footprinting.  WRN-E84A (0-
5.8 nM) was incubated with *3-way(5’-21nt) (2.1 nM) at 4°C for 5 min.  
Subsequently, bound (and unbound) *3-way(5’-21nt) was incubated with DNase 
I (1.0 U/mL) at 37°C for 10 min.  Labeled products were analyzed by denaturing 
PAGE (12%).  Fragment sizes (right) and location of the junction (arrow, left) are 
indicated. 
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manner (Figure 4.3C).  Overall, binding was reduced compared to Figure 4.2A-
B, indicating the destabilizing nature of these conditions.  However, WRN bound 
a greater percentage of the model strand invasion intermediate compared to the 
two-stranded fork *Fork(3’-21nt).  Therefore, greater WRN-DNA complex 
stability is the likely the origin of enhanced unwinding efficiency observed by 
WRN on a model strand invasion intermediate. 
 
Although gel-shift assays indicated a stable WRN interaction with a model 
strand invasion intermediate, the exact location of WRN binding on the 3-way 
junction (strand invasion intermediate) structure was determined by performing 
DNase I footprinting.  In the absence of protein, treatment with DNase I 
generates a reproducible ladder of DNA fragments, as observed in lanes 2 and 7 
(Figure 4.3D).  When a DNA binding protein binds to the DNA, the protein 
protects from DNase I cleavage.  Since the base strand of *3-way(5’-21nt) is 
radiolabeled, I examined WRN binding to the duplex region of a strand invasion 
intermediate, including the region near the junction of the three strands.  First, to 
allow WRN binding to the substrate, increasing concentrations of WRN 
incubated with *3-way(5’-21nt) at 4°C for 5 min.  Subsequently, the WRN-DNA 
complex was incubated with DNase I at 25°C for 10 min (Figure 4.3D).  In the 
absence of WRN, a characteristic ladder of DNA fragments was generated, 
including a prominent band that was generated near the junction (31 nt)  (Figure 
4.3D, lanes 2, 7).  However, weak cutting occurred immediately 3’ to the junction 
limited (lanes 2 and 7).  With increasing concentrations of WRN, the 31 nt band 
corresponding to the junction disappeared (lanes 3-6).  Although to a lesser 
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extent, bands in the range of 22-40 nt also decreased in intensity (lanes 3-6).  
Furthermore, production of a 46 nt fragment was moderately increased, 
especially at the highest WRN concentration (lane 6), indicative of a 
hypersensitive site (indicated by red arrow), which highlights the 3’ boundary of 
the WRN protein bound to the model strand invasion intermediate.  Production 
of a hypersensitive site and protection of DNase I cleavage indicates WRN 
symmetrically binds to a 23 nt region of the duplex of *3-way(5’-21nt), mostly 
centered at the complex single/double-stranded junction, from which it mediates 
efficient unwinding of a model strand invasion intermediate. 
 
WRN helicase selectively unwinds the non-invading strand of a model 
strand invasion intermediate.  Depending on the directionality of strand 
invasion intermediate branch migration, WRN may promote or disrupt HR. 
Previous results indicated WRN unwinds a single flap strand from a model 
strand invasion intermediate, generating a fork product.  However, the two 
possible fork products formed from WRN-mediated unwinding of the symmetric 
*3-way(5’-21nt) substrate are structurally identical and essentially co-migrated 
(Figure 4.2A), making it extremely difficult to determine the unwinding 
directionality of a strand invasion intermediate.  Here, to effectively resolve the 
resulting fork products generated by WRN, I utilized a different model strand 
invasion substrate, *3-way(5’-31nt) that is identical to *3-way(5’-21nt) in the 
vicinity of the junction but possesses a longer 5’ flap (31 nt vs. 21 nt) (Figure 
4.1).  On this modified substrate, displacement of the non-invading 3’ flap strand 
produces a fork with two 31 nt single-stranded arms (Figure 4.4A, center to left).  
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Figure 4.4  WRN unwinds the non-invading strand of a model strand 
invasion intermediate.  A) Unwinding directionality may suggest a role for 
WRN in recombination.  WRN (yellow oval) binds near the junction.  
Displacement of the non-invading strand (3’ flap strand) results in promotion of 
HR (left).  Displacement of the invading strand (5’ flap strand) results in 
disruption of HR (right).  B) Helicase assay to determine directionality.  WRN-
E84A (2.5 nM) was incubated with *3-way(5’-31nt) (0.2 nM) in 0-100 mM NaCl at 
37°C for 15 min.  Labeled unwinding products were analyzed by native PAGE 
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(8%).  A marker for the faster migrating fork is shown.  C) Bar graph of each 
individual unwinding product (mean ± SE) using three independent experiments.  
D) A 5’ single-stranded flap is required for proper directionality.  Helicase assays 
were performed by incubating *3-way(5’-31nt), *3-way(5’-5nt), or *3-way(5’-0nt) 
(0.2 nM) with WRN-E84A (0.6 nM) in 0-150 mM NaCl at 37°C for 15 min.  
Labeled unwinding products were analyzed by native PAGE (6%) (not shown).  
Unwinding values are indicated above bars. 
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Conversely, WRN-mediated unwinding of the invading 5’ flap strand generates a 
fork with a 31 nt 5’ arm and a shorter 21 nt 3’ arm that should migrate faster by 
native PAGE (Figure 4.4A, center to right).  To determine the preferred 
directionality of WRN unwinding of a model strand invasion intermediate, I 
performed helicase assays by incubating WRN-E84A and *3-way(5’-31nt) at 
37°C for 15 min; notably, these assays were performed at different NaCl 
concentrations ranging from 0-100 mM  (Figure 4.4B-C).  In the absence of 
NaCl, WRN unwound *3-way(5’-31nt) producing two different fork products and 
some single stranded *base (Figure 4.4B, lane 2).  Displacement of the shorter, 
non-invading strand produced a larger fork product, while the smaller fork 
product, as confirmed by the marker (lane 7), migrated faster.  Without NaCl, the 
primary fork product was generated by displacement of the non-invading strand 
(21.8%, Figure 4.4C), although a considerable percentage of the smaller fork 
(9.2%) and single strands (11.0%) were also produced (lane 2).  Increasing the 
NaCl concentration reduced the amount of the smaller fork product (3.6% at 100 
mM NaCl) and the single-stranded species (5.6%) while the larger fork product 
(25.6%) was unaffected (Figure 4.4C).  These results indicate WRN 
preferentially unwinds the non-invading strand of a model strand invasion 
intermediate especially in high NaCl concentrations, a directionality that would 
promote HR.  
 
 These results thus far indicate WRN preferentially unwinds a model 
strand invasion intermediate compared to similar substrates, by almost 
exclusively displacing the non-invading strand (Figure 4.2, 4.4B-C).  To examine 
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the effect of 5’ flap length on unwinding and directionality, I compared unwinding 
of model strand invasion intermediates with 5’ flap lengths of 0 nt, 5 nt, or 31 nt.  
The substrates *3-way(5’-0nt), *3-way(5’-5nt), and *3-way(5’-31nt) were 
unwound by WRN-E84A at a range of NaCl concentrations (0-150 mM) at 37°C 
for 15 min (Figure 4.4D).  Although other products are generated, WRN primarily 
unwound the non-invading strand of *3-way(5’-31nt), especially in 100 mM NaCl 
(15.1%) (right panel), a result similar to Figure 4.4B-C.  Shortening the length of 
the 5’ flap to 5nt (*3-way(5’-5nt)) did not alter the preferred directionality, 
although the extent of unwinding was reduced at all NaCl concentrations (10% 
at 100 mM NaCl) with respect to the substrate with the longer 5’ flap substrate 
(middle panel).  However, results on the substrate without a 5’ flap, *3-way(5’-
0nt) were markedly different.  In the absence of NaCl, WRN primarily unwound 
the invading strand, producing more of the shorter fork product (14.1%) 
compared to the larger fork (7.4%) (left panel).  Production of all unwinding 
products of *3-way(5’-0nt) was reduced at greater NaCl concentrations.  These 
results indicate that a 5’ flap, even those that are extremely short in length, is a 
structural requirement for efficient unwinding by WRN.  Although the invading 
strand (5’ flap strand) was largely unaffected by the WRN helicase, the 5’ flap 
promoted displacement of the non-invading strand, a directionality that favors 
additional HR.  
 
Invading strand complementarity enhances WRN-mediated unwinding of 
the non-invading strand.  The strand invasion intermediate substrates used in 
Figures 4.2-4.4 contained all unique, non-homologous sequences.  However, 
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during HR, both the invading and non-invading strands would be completely 
homologous to the double-stranded DNA to which they anneal.  Therefore, I 
examined the effect of sequence complementarity within a model strand 
invasion intermediate on WRN-mediated unwinding.  Two new three-way 
junction substrates, *3-way(5’-comp) and *3-way(3’-comp), were designed with 
5’ or 3’ single-stranded flaps that, for the 16 nt distal to the junction point, are 
complementary to the sequence on the labeled base strand (Figure 4.1, 
complementary sequences indicated in red).  On each of these flaps, 5 nt 
regions of non-complementary sequence was included proximal to the junction 
to prevent spontaneous branch migration.  The *3-way(5’-21nt) substrate used in 
previous experiments that lacks complementary sequence on both flaps was 
utilized as a comparative control.  Helicase assays were performed by 
incubating WRN-E84A with *3-way(5’-comp), *3-way(3’-comp), or *3-way(5’-
21nt) in 50-200 mM NaCl at 37°C for 15 min (Figure 4.5A-B).  WRN unwound 
*3-way(5’-21nt), which lacks complementary sequence, at 50 mM NaCl (Figure 
4.5A, lane 8), but unwinding was reduced at greater NaCl concentrations (lanes 
9-11) since lower WRN concentrations were used compared to Figure 4.4.  
Compared to *3-way(5’-21nt), overall unwinding of *3-way(3’-comp), which 
possesses homology on the 3’ flap, was slightly enhanced at 50 mM NaCl, but 
little unwinding was observed in 150-200 mM NaCl (Figure 4.5B).  Sequence 
homology of the non-invading strand promoted essentially equal unwinding in 
both directionalities (Figure 4.5A, lane 13).  However, unwinding of *3-way(5’-
comp) was dramatically enhanced across the range of NaCl concentrations 
(Figure 4.5B).  Importantly, WRN almost exclusively displaced the non-invading  
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Figure 4.5  Invading strand complementarity enhances WRN-mediated 
unwinding.  A) Helicase assay to examine effects of single-strand flap 
sequence complementarity on WRN-mediated unwinding.  WRN-E84A (0.48 
nM) was incubated with *3-way(5’-comp) (lanes 1-5), *3-way(5’-21nt) (lanes 7-
11), or *3-way(3’-comp) (lanes 12-16) (0.2 nM) in 50-200 mM NaCl at 37°C for 
15 min.  Unwinding products were analyzed by native PAGE (6%).  A bubble 
marker (M) is shown.  B) Total unwinding was determined at each NaCl 
concentration.  C) Time course of WRN-mediated unwinding of complementary 
substrates.  In 100 mM NaCl, helicase assays were performed as above for 0-15 
min.  Unwinding products were analyzed by native PAGE (6%) (not shown).  
Total unwinding (mean ± SE) was calculated from three independent 
experiments. 
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strand of *3-way(5’-comp) (Figure 4.5A, lanes 2-5).  This result suggests 
invading strand sequence homology enhances WRN-mediated unwinding of the 
non-invading strand on a model strand invasion intermediate, especially in 
physiological salt concentrations.   
 
To further investigate the impact homologous sequences have on WRN-
mediated unwinding of a strand invasion intermediate, the rate of unwinding was 
examined at a physiologically relevant salt concentration.  In 100 mM NaCl, *3-
way(5’-comp), *3-way(5’-21nt), and *3-way(3’-comp) were incubated with WRN 
for 0-15 min at 37°C (Figure 4.5C).  Compared to *3-way(5’-21nt), which lacks 
complementarity, 3’ flap homology slightly enhanced unwinding at all time points 
(Figure 4.5C).  Even after 0.5 min, with 5’ flap homology, *3-way(5’-comp) 
unwinding was dramatically enhanced while unwinding was essentially complete	  
by 5 min (89.6%).  Therefore, WRN-mediated unwinding of the model strand 
invasion intermediate with 5’ flap complementarity exhibited a dramatically 
accelerated reaction rate compare to other substrates.  These results suggest 
the homology of the invading strand enhances WRN’s helicase activity, 
especially in physiological salt conditions.  The directionality at strand invasion 
intermediates observed in these and other experiments suggest WRN may 
promote HR.  
 
Other helicases do not exhibit the same structural requirements as WRN.  
The previous results indicate WRN may preferentially act at HR-related D-loops 
to promote proper recombination or telomere protection.  However, other 
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helicases may possess similar structural requirements as WRN.  Therefore, to 
determine WRN’s specificity for strand invasion intermediates, the unwinding 
activity of other helicases with 3’ to 5’ directionality, including BLM and E. coli 
UvrD, was examined.  The RecQ helicase, BLM, is deficient in the cancer 
predisposition disorder, Bloom’s syndrome (BS) [Ellis, Groden et al. 1995; 
German 1997].  Like WRN, BLM possesses a 3’ to 5’ helicase, annealing, strand 
exchange, and fork regression activities [Karow, Chakraverty et al. 1997; 
Machwe, Xiao et al. 2005; Machwe, Xiao et al. 2006], indicating a potential for 
similar roles in the cell; unlike WRN, BLM lacks an exonuclease activity.  Initially, 
I examined BLM’s helicase activity on a model strand invasion intermediate.  A 
helicase assay was performed by incubating BLM with *3-way(5’-31nt), which 
consists of a longer 5’ flap (31 nt), in 0-100 mM NaCl at 37°C for 10 min (Figure 
4.6A-B).  Like WRN, BLM efficiently unwound *3-way(5’-31nt), by almost 
exclusively displacing the non-invading strand producing only the larger fork 
product (Figure 4.6A, lane 2), a directionality that was observed across the 
range of NaCl concentrations (lanes 2-6).  With increasing NaCl concentrations, 
overall BLM unwinding on this structure was reduced; however, this seemed to 
be a consequence of decreased production of the single stranded product 
(Figure 4.6B).  To determine origin of the single-stranded product, a helicase 
assay was performed by incubating BLM with *3-way(5’-31nt) in the absence of 
NaCl at 37°C for 0-15 min (Figure 4.6C).  After 1 min, BLM unwound the non-
invading strand of *3-way(5’-31nt) producing the larger fork product; however, 
very little single-stranded product was generated (lane 2).  A significant fraction 
of single strands are not generated until 10 min (lane 5), after production of the  
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Figure 4.6  BLM directionality and structural preferences are similar to 
WRN.  A) Helicase assay to determine unwinding directionality of BLM.  BLM 
(0.31 nM) was incubated with *3-way(5’-31nt) (0.2 nM) in 0-100 mM NaCl at 
37°C for 15 min.  Unwinding products were analyzed by native PAGE (8%).  A 
marker (M) of the faster migrating fork product is shown.  B) Bar graph indicating 
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production of each individual product.  C) Time course of BLM-mediated 
unwinding.  A helicase assay was performed as described above in the absence 
of NaCl.  Unwinding products were analyzed by native PAGE (8%) (not shown).  
Bar graph indicating production of each individual product.  D) Helicase assay to 
determine structural preference of BLM.  BLM (0.31) was incubated with *3-
way(5’-21nt) (lanes 1-5), *Fork(3’-21nt) (lanes 6-10), or *3-way(5’-0nt) (lanes 11-
15) (0.2 nM) in 100 mM NaCl at 37°C for 0-10 min.  Unwinding products were 
analyzed by native PAGE (6%).  E) Total unwinding (mean ± SE) was calculated 
using three independent experiments.  Single-stranded products were not 
included in quantitation *3-way(5’-21nt) or *3-way(5’-0nt). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 122 
fork.  Therefore, BLM likely unwinds the larger fork product secondarily following 
the initial unwinding step, producing a single-stranded product.  These results 
indicate BLM also preferentially unwinds the non-invading strand of a model 
strand invasion intermediate at physiological salt concentrations.   
 
Although BLM efficiently unwound a model strand invasion intermediate 
in a salt-resistant manner, BLM may possess different structural preferences 
than WRN.  Therefore, unwinding of a dual-flap structure, a single-flap structure, 
and a two-stranded fork was compared.  To examine the structural requirements 
for efficient BLM-mediated helicase activity, helicase assays were performed by 
incubating BLM with *3-way(5’-21nt), *Fork(3’-21nt), and *3-way(5’-0nt) in 100 
mM NaCl for 0-10 min at 37°C (Figure 4.6D-E).  BLM unwound *3-way(5’-21nt) 
by primarily displacing a single flap strand, thus producing a fork product (Figure 
4.6D, lane 1) in a time-dependent manner (Figure 4.6E).  Like WRN, the single-
flap structure, *3-way(5’-0nt), was a poor substrate for BLM (Figure 4.6E).  
However, BLM unwound the two-stranded fork, *Fork(3’-21nt), slightly better 
than the model strand invasion intermediate (Figure 4.6E), a significantly 
different result than obtained using WRN (Figure 4.2).  These results were 
consistent at all time points examined.  Therefore, these results suggest a 
substrate and thus functional difference between the RecQ helicases, WRN and 
BLM.  Although BLM does efficiently act at a strand invasion intermediate 
substrate under physiological conditions and in a direction similar to WRN, BLM 
likely targets two-stranded forks in addition to strand-invasion intermediates.   
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E. coli UvrD (Helicase II) is a non-RecQ helicase with a 3’ to 5’ 
directionality [Matson 1986] involved in various aspects of repair, including 
recombination, nucleotide-excision repair (NER), and mismatch repair (MMR) 
[Husain, Van Houten et al. 1985; Lahue, Au et al. 1989; Mendonca, Kaiser-
Rogers et al. 1993].  Like WRN and BLM, the structural preference of UvrD was 
examined using a model strand invasion intermediate, single-flap structures, and 
two-stranded forks.  Structural preference was examined by performing a 
helicase assay on *3-way(5’-21nt), *3-way(5’-0nt), *3-way(3’-0nt), *Fork(3’-21nt), 
or *Fork(5’-21nt) using UvrD in 0-100 mM NaCl at 37°C for 10 min (Figure 4.7).  
UvrD unwound the model strand invasion intermediate, *3-way(5’-21nt), by 
primarily displacing the invading strand (Figure 4.7A, lane 2), a directionality 
opposite of WRN and BLM.  Although, in the absence of NaCl UvrD exhibited a 
slight preference for the model strand invasion intermediate, UvrD helicase 
activity was significantly reduced at 50 mM NaCl (Figure 4.7B).  Due to 
inefficient helicase activity in NaCl as well as altered directionality, UvrD, and 
likely other non-RecQ helicases, do not posses the same physiological structural 
preference as WRN.  
 
DISCUSSION 
 
 Cells with defective HR often exhibit increased recombination [van Gent, 
Hoeijmakers et al. 2001], potentially through illegitimate recombination and/or 
error-prone NHEJ.  Similarly, hyperrecombination is a distinguishing 
characteristic of WS [Salk, Au et al. 1981], suggesting WRN may play a role in  
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Figure 4.7  Structural preference of UvrD differs from WRN.  A) Helicase 
assay to determine structural preference of UvrD.  In 0-100 mM NaCl, UvrD (0.8 
nM) was incubated with *3-way(5’-21nt) (lanes 1-4), *3-way(5’-0nt) (lanes 5-8), 
*3-way(3’-0nt) (lanes 9-12), *Fork(3’-21nt) (lanes 13-16), or *Fork(5’-21nt) (lanes 
17-20) at 37°C for 10 min.  Unwinding products were analyzed by native PAGE 
(6%).  B) Total unwinding was calculated for each substrate at various salt 
concentrations.  Single-stranded products were only included in total unwinding 
of *Fork substrates. 
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HR.  Hyper-recombination associated with WRN deficiency is also elevated at 
telomeres [Laud, Multani et al. 2005] and is a consequence of telomere 
dysfunction [Crabbe, Jauch et al. 2007], suggesting WRN may play a role in 
telomeric HR.  To determine WRN’s role in telomeric recombination, I initially 
examined the structural requirements for efficient WRN-mediated unwinding. 
Although various recombination intermediates exist, such as D-loops and 
Holliday junctions, here I focused on WRN’s helicase activity on three- stranded 
invasion intermediates.  Importantly, a three-stranded model strand invasion 
intermediate may act as a favored WRN substrate since this structure is 
generated during WRN-mediated strand exchange [Machwe, Xiao et al. 2005].  
Furthermore, the three-way junction is specifically linked to telomeres since the 
strand invasion intermediate is a structural component of T-loops, the telomere-
protective DNA structure found at the ends of mammalian chromosomes 
[Griffith, Comeau et al. 1999].  Therefore, activity at this specific HR intermediate 
may suggest a role of WRN in telomere-specific HR. 
 
 To examine WRN’s role in telomeric HR, I initially determined the 
structural requirements needed for efficient WRN-mediated unwinding.  I 
performed comparative helicase assays on a model strand invasion 
intermediate, single-flap (5’ or 3’) substrates, and two-stranded fork substrates.  
WRN more efficiently unwound the model strand invasion intermediate 
compared to other substrates, especially at physiological salt conditions.  This 
structural discrimination was not a result of differential WRN-mediated 
annealing, since the bias was observed at earlier time points.  Binding assays 
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confirmed more efficient unwinding of the model strand invasion intermediate 
was due to more stable WRN-DNA interactions.  WRN binding centered around 
the junction of the model strand invasion intermediate, consistent with previous 
reports of WRN binding near intersections of single- and double-stranded 
[Brosh, Waheed et al. 2002; Machwe, Xiao et al. 2002].  From the junction, WRN 
preferentially unwound the 3’ flap strand (non-invading strand), especially at 
intracellular salt conditions.  Importantly, efficient and salt-resistant WRN-
mediated displacement of the non-invading strand required presence of a 5’ flap, 
indicating the importance of the invading strand to WRN function.  Additionally, 
invading strand complementarity promoted almost exclusive displacement of the 
non-invading strand, while bidirectional unwinding was observed with 3’ flap 
complementarity. These results suggest WRN plays a physiological role in 
promoting branch migration and recombination of homologous sequences during 
HR.  As a protein involved in telomere metabolism, these results support a role 
for WRN in the promotion of telomeric HR and the development of larger, more 
stable T-loop structures. 
 
I also examined WRN’s specificity for model strand invasion 
intermediates by determining the structural requirements of RecQ (BLM) and 
non-RecQ (UvrD) helicases in a range of NaCl concentrations.  BLM, a 3’ to 5’ 
helicase deficient in the cancer-related syndrome BS [Ellis, Groden et al. 1995; 
German 1997], unwound the model strand invasion intermediate in a similar salt-
resistant manner as WRN with a similar preference for directionality.  Compared 
to WRN, a greater percentage of single strands were generated, but as a 
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consequence of secondary unwinding of the two-stranded fork product.  As 
previously reported, BLM exhibited a greater preference for a two-stranded fork 
than WRN [Mohaghegh, Karow et al. 2001], indicating slight structural 
differences between these two enzymes that may indicate differing biochemical 
roles.  UvrD unwound the model strand invasion intermediate at a similar extent 
as other related structures tested.  In contrast to WRN and BLM, UvrD a 3’ to 5’ 
helicase involved in MMR and NER found in E. coli [Husain, Van Houten et al. 
1985; Lahue, Au et al. 1989] did posses a structural preference for the model 
strand invasion intermediate and did not exhibit a salt-resistant helicase activity.  
Furthermore, UvrD primarily displaced the invading strand from all structures, a 
contrasting directionality from WRN and BLM.  Together, these results suggest 
the RecQ helicase WRN may play a specific and unique role in the resolution of 
strand-invasion intermediates generated during HR. 
 
 The salt resistance of WRN-mediated unwinding of a model strand-
invasion intermediate was quite surprising, since previous studies from our lab 
indicated WRN-mediated unwinding of simpler substrates, such as partial 
duplexes, was significantly reduced at even low NaCl concentrations, such as 50 
mM NaCl (data not shown).  Importantly, WRN’s preference for the model strand 
invasion intermediate was even more pronounced at 100-150 mM NaCl, salt 
concentrations that correspond to the monovalent cation concentration in the 
intracellular environment [Thier 1986; Rottman, Gilboa et al. 1992].  Therefore, it 
is likely that the structural preferences of WRN in 100-150 mM NaCl presented 
here indicate WRN prefers acting at recombination intermediates in vivo.  Two-
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stranded forks were previously reported to act as good substrates for the WRN 
helicase [Mohaghegh, Karow et al. 2001; Brosh, Waheed et al. 2002].   
However, these results suggest the three-way junction, or model strand invasion 
intermediate, is a more physiological substrate for WRN.  Importantly, NaCl 
concentration also influenced the unwinding directionality.  I found WRN 
unwound a model strand invasion intermediate in both directions, i.e., displaced 
either the invading or non-invading strand, in the absence of NaCl, a result 
largely consistent with previous reports [Orren, Theodore et al. 2002; Opresko, 
Sowd et al. 2009].  However, using a more physiologically relevant salt 
concentration (100 mM NaCl), WRN almost exclusively displaced the non-
invading strand, especially on a substrate with invading strand sequence 
homology, a directionality that suggests WRN promotes HR and/or T-loop 
development.  Therefore, these results support that strand-invasion 
intermediates are a physiologically relevant target for WRN, suggesting the 
helicase may play a role in the promotion of HR or T-loop development. 
 
 WS cells undergo elevated telomere recombination [Laud, Multani et al. 
2005], suggesting WRN may play a role in telomeric HR.  Proper telomeric HR 
may be particularly critical since the G-rich repetitive sequences composing 
telomeres pose difficulties for replication.  As a result of replication stress, 
telomeres resemble fragile sites, areas of chromosome breakage and double-
strand breaks that are often repaired by the error-free HR pathway [Schwartz, 
Zlotorynski et al. 2005; Sfeir, Kosiyatrakul et al. 2009].  In addition, the telomere 
instability associated with WS is a consequence of telomere dysfunction 
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[Crabbe, Jauch et al. 2007].  T-loops are formed by a similar strand-invasion 
action as occurs during HR requiring the telomere binding protein TRF2 [Griffith, 
Comeau et al. 1999; Stansel, de Lange et al. 2001], an interacting partner of 
WRN [Opresko, von Kobbe et al. 2002; Machwe, Xiao et al. 2004].   WS cells 
undergo a DNA damage response indicative of T-loop loss [Takai, 
Smogorzewska et al. 2003; Chang, Multani et al. 2004; Szekely, Bleichert et al. 
2005], supporting a role for WRN at this protective structure.   These results 
suggest WRN promotes proper telomeric HR and/or T-loop stabilization by 
specifically unwinding the non-invading strand, particularly under physiological 
salt conditions.  In the absence of WRN, loss of HR or proper telomere end 
protection may lead to employment of other more error-prone repair pathways, 
including NHEJ, resulting in increased illegitimate recombination.  As a result, 
stochastic telomere loss and telomere dysfunction may develop, cellular 
characteristics of WRN deficiency [Bai and Murnane 2003; Crabbe, Jauch et al. 
2007] that are proposed to lead to cellular senescence or apoptosis and 
premature aging.  In conclusion, these results suggest WRN maintains telomere 
stability by acting as an anti-hyperrecombinational protein, through promotion of 
error-free HR, suppression of error-prone recombination pathways, and/or 
enhancement of T-loop development and stability.  To further examine WRN’s 
possible role in T-loop formation and HR specifically at telomeres, I consider the 
effect of telomeric sequence on WRN-mediated unwinding of model strand 
invasion intermediates in the next chapter.   
 
 
Copyright © Deanna Nicole Edwards 2012 
 130 
CHAPTER 5 
 
TELOMERIC SEQUENCE SPECIFICITY OF RECOMBINATIONAL 
INTERMEDIATES OF WRN AT PHYSIOLOGICAL SALT CONCENTRATIONS 
 
INTRODUCTION 
 
 In addition to a general maintenance role throughout the genome, WRN 
has been suggested to also function at telomeres, as supported by telomere 
localization during S phase [Crabbe, Verdun et al. 2004; Opresko, Otterlei et al. 
2004].  WRN-deficient cells undergo premature senescence, but these cells are 
able to continue dividing following telomerase expression [Wyllie, Jones et al. 
2000], strongly suggesting a telomere defect in WS.  However, the greatest 
breakthrough in linking WS to telomeres came during development of the WS 
mouse model.  Simply knocking out WRN in mice resulted in no obvious aging 
phenotype [Lombard, Beard et al. 2000].  Mice possess significantly longer 
telomeres (40 kb) compared to human telomeres (5-15 kb), due to greater 
expression of telomerase in murine cells [Kipling and Cooke 1990; Rudolph, 
Chang et al. 1999].  Therefore, in addition to WRN deficiency, telomere 
shortening was required for several generations (G4-G6) before an aging 
phenotype was observed [Chang, Multani et al. 2004; Du, Shen et al. 2004].  
Importantly, the aging characteristics noted in these G4-G6 Tert-/-WRN-/- mice 
were similar to WS, including graying and loss of hair, smaller size, cataracts, 
and osteoporosis [Chang, Multani et al. 2004; Du, Shen et al. 2004].  Cells 
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derived from these WS mice also exhibited several telomere anomalies, 
including a reduced telomere length compared to G4-G6 telomerase-deficient 
mice [Chang, Multani et al. 2004].  However, the telomere loss is potentially a 
consequence of a single shortened dysfunctional telomere [Wyllie, Jones et al. 
2000; Hemann, Strong et al. 2001] since WS cells senesce with longer 
telomeres than normal cells [Schulz, Zakian et al. 1996]. 
 
 In Chapter 4, I presented evidence supporting a role of WRN at strand 
invasion intermediates generated during HR, especially at physiological salt 
concentrations.  WRN-deficient cells undergo elevated telomeric sister 
chromatid exchange (T-SCE), a defect that is rescued by a helicase-proficient 
WRN protein [Laud, Multani et al. 2005], suggesting WRN’s helicase activity 
may suppress illegitimate recombination.  Therefore, these HR intermediates 
may be particularly relevant at telomeres, not only in telomeric HR, but also in 
telomere end protection at T-loops.  T-loops, which have been observed in 
mammalian cells, are formed by invasion of the G-rich 3’ telomeric overhang into 
duplex telomeric regions [Griffith, Comeau et al. 1999].   These specialized 
structures may protect the ends of linear chromosomes from being recognized 
as a double-strand break [Chin, Artandi et al. 1999; Denchi and de Lange 2007].  
The shelterin protein, TRF2, is believed to play a role in T-loop development and 
protection [Stansel, de Lange et al. 2001], as loss of TRF2 produces a DNA 
damage response indicative of telomere dysfunction [van Steensel, 
Smogorzewska et al. 1998; Takai, Smogorzewska et al. 2003].  Loss of WRN 
generates a similar damage response [Chang, Multani et al. 2004; Szekely, 
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Bleichert et al. 2005] that is rescued by TRF2 overexpression [Szekely, Bleichert 
et al. 2005], strongly supporting a role of WRN in telomere end protection.  
Therefore, this evidence supports a function of WRN in telomeric recombination 
and T-loop development as a mechanism to maintain telomere stability.  Based 
on the results obtained in Chapter 4, I examined WRN’s helicase activity at 
model strand invasion intermediates possessing telomere-related sequences on 
either the invading or non-invading strands.  Since these experiments were 
carried out in conditions favorable for G-rich secondary structure formation, I 
also considered the effect G-quadruplexes and guanine hairpins have on WRN-
mediated unwinding in the context of strand invasion intermediates. 
 
METHODS 
 
Enzymes.  WRN-E84A has a point mutation that eliminates the exonuclease 
activity [Huang, Li et al. 1998] but retains the 3’ to 5’ helicase activity.  WRN-
K577M possesses a point mutation that eliminates the helicase activity [Gray, 
Shen et al. 1997; Machwe, Xiao et al. 2002].  These WRN mutants were purified 
as described in Chapter 3.  T4 polynucleotide kinase, DNase I, and T7 
Endonuclease I were purchased from New England Biolabs (Ipswich, MA).  BLM 
and BLM-Y0795A were overexpressed as described in [Karow, Chakraverty et 
al. 1997] and provided as a gift by Joanna Groden (Ohio State University).   
 
DNA substrates.  All oligonucleotides were PAGE-purified and purchased from 
Integrated DNA Technologies, Inc. (Coralville, IA) (Table 5.1).  The oligos G(1)- 
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Table 5.1  Oligonucleotides used to construct model strand invasion 
intermediates. 
  
Base
5’-CACTGACTCCAGGAACTGGAGGATGCCTAGGTGGCCAGCTGCCGTCCAGACTCAGAGGAGTG-3’
Mobile Junction Oligos
5’flap(21nt)
5’-TCACTTGACAAGTGACTGTGACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’flap(31nt)
5’-CACTTGGACCTCAAGTCCGACTCAGGCTAGTCCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’ Flap Oligos
3’flap(0nt)
5’-CACTCCTCTGAGTCTGGACGGCAGCTGGCCA-3’
3’ Flap Oligos
C(1)-83nt
5’-CACTGGTGACCTGTGCAGAGGCGGAAGGCCTTAACCCTAACCCTAACCCTAAGCTAGCCTGAGTCGGACTTGAGGTCCAAGTG-3’
C(2)-83nt
5’-CACTGACTCCAGGAACTGGAGGATGCCTAGGTAACCCTAACCCTAACCCTAATGGCCAGCTGCCGTCCAGACTCAGAGGAGTG-3’
G(1)-83nt
5’-CACTCCTCTGAGTCTGGACGGCAGCTGGCCATTAGGGTTAGGGTTAGGGTTAAGGCCTTCCGCCTCTGCACAGGTCACCAGTG-3’
G(2)-83nt
5’-CACTTGGACCTCAAGTCCGACTCAGGCTAGCTTAGGGTTAGGGTTAGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
Base Oligos
5’Flap-3.5xG
5’-TTAGGGTTAGGGTTAGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’Flap-Gscr
5’-AGTGTGAGTGTGAGTGTGAGTCCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’Flap-C
5’-TAACCCTAACCCTAACCCTAACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’Flap-1xG
5’-TCACTTGACAAGTGAGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’Flap-1.5xG
5’-TCACTTGACAAGTTAGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’Flap-2xG
5’-TCACTTCTTGGGTTAGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’Flap-2.5xG
5’-TCACTTTTAGGGTTAGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’Flap-3xG
5’-TCAGGGTTAGGGTTAGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’Flap-4xG
5’-AGGGTTAGGGTTAGGGTTAGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’Flap-2.5xG-end
5’-TTAGGGTTAGGGTTACTGTGACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’Flap-3.5xT
5’-TTGGGGTTGGGGTTGGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’Flap-2.5xT
5’-TCACTTTTGGGGTTGGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’Flap-2.5xT-end
5’-TTGGGGTTGGGGTTACTGTGACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’Flap-2.5xT-split
5’-TTGGGGTTTTTTTTGGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’Flap-3.5xI
5’-TTAGGITTAGGITTAGGGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
5’flap-WCH
5’-GTTGTCGTAGCGTTTTCGCTACGTTACCTAGGCATCCTCCAGTTCCTGGAGTCAGTG-3’
3’Flap-Gscr
5’-CACTCCTCTGAGTCTGGACGGCAGCTGGCCAAGTGTGAGTGTGAGTGTGAGT-3’
3’Flap-G
5’-CACTCCTCTGAGTCTGGACGGCAGCTGGCCATTAGGGTTAGGGTTAGGGTTA-3’
3’Flap-C
5’-CACTCCTCTGAGTCTGGACGGCAGCTGGCCATAACCCTAACCCTAACCCTAA-3’
5’-AGGGTTAGGGTTAGGGTTAGGG-3’
4xGGG22
Other Oligos
5’-TTAGGGTTAGGGTTAGGGTTA-3’
3xGGG21
5’-TAACCCTAACCCTAACCCTAA-3’
3xCCC21
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83nt, C(1)-83nt, or base were 5’ radiolabeled using 32P-γ-ATP and T4 
polynucleotide kinase as described in Chapter 2.  To generate three-way 
junctions (and single-flap substrates) (Figure 5.1), an excess of the appropriate 
unlabeled oligonucleotides (5’ flap and/or 3’ flap) were annealed to *base (or 
*G(1)-83nt or *C(1)-83nt) in 50 mM Tris (pH 8.0) and 10 mM MgCl2 by heating to 
90°C and slow cooling in a step-wise manner as described in Chapter 2.  The 
resulting substrates were purified by native PAGE (6%, 19:1 unless otherwise 
stated), and the bands corresponding to each substrate were excised.  
Substrates were eluted in 10 mM Tris (pH 8.0) and 10 mM NaCl.   
 
Helicase assay.  Unwinding assays were performed as described in Chapter 4.  
Specific NaCl concentrations (0-300 mM NaCl) used for each experiment are 
specified in Results.  Reactions were performed at 4-37°C with WRN-E84A 
(0.11-3.4 nM), WRN-K577M (0.2-0.9 nM), BLM (0.16-0.5 nM), or BLM-Y0795A 
(0.4-36 nM) for 0-15 min.  Enzymatic reactions were stopped by addition of 0-
0.16% SDS and 4 mM EDTA.  Enzymes were digested using 0.4 mg/mL 
proteinase K at 37°C for 10 min and 1/6 volume of dyes (30% glycerol, 50 mM 
EDTA, 0.25% bromophenol blue, and 0.25% xylene cyanol) was added.  DNA 
products were separated based on size and shape by native PAGE (6%).  
Labeled products were visualized and quantitated using the Storm 860 
Phosphoimager and ImageQuant software (GE Healthcare). 
 
Electrophoretic mobility shift assay (EMSA).  Protein-DNA binding was 
analyzed by EMSA in WRN helicase buffer, with ATP substituted by 250 µM 
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Figure 5.1  Model strand invasion intermediate substrates.  Three-way 
junction substrates were generated by annealing the indicated oligonucleotides.  
Location of telomeric sequences are indicated (see Legend). 
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ATPγS, along with 100 mM NaCl in the reaction buffer only.  Labeled single-flap 
substrate (0.2 nM), as specified in Results, and WRN-E84A (1.1-3.4 nM) were 
incubated at 37°C for 10 min.  A 1/6 volume of dyes (see above) was added to 
the reaction.  Protein-DNA complexes were separated from unbound substrate 
by electrophoresis at 25°C on 3.5% (37.5:1) native polyacrylamide gels without 
NaCl.  Labeled DNA products were analyzed as previously described. 
 
Circular dichroism (CD).  The unlabeled short oligonucleotides 3xGGG21, 
4xGGG22, or 3xCCC21 (0.9 O.D.; 4.3-4.7 µM) were prepared in 40 mM Tris (pH 
8.0), 5 mM DTT, 1 mM MgCl2, 1 mM EDTA, and 100 mM KCl (200 µL).  The 
samples were incubated at 90°C for 5 min, slow cooled to 37°C, and incubated 
at 37°C overnight to allow DNA secondary structure formation.  Immediately 
prior to the experiment, one sample of 3xGGG21 was heat denatured at 90°C for 
5 min and immediately placed at 4°C.  The secondary structures of these DNA 
oligonucleotides were analyzed by Jasco-J810 spectropolarimeter with a Peltier 
heating block.  Using a 0.1 cm cell length, 200 µL of heated sample was 
analyzed within the range of 200-350 nm wavelengths at 37°C.  Using a scan 
speed of 50 nm/min, each sample was scanned four times and an average was 
calculated at each point.  Data was plotted as ellipticity (mdeg) at various 
wavelengths (nm). 
 
Dimethyl sulfate (DMS) protection assay.  The short oligonucleotide 
*3xGGG21 or the three way junction with radiolabeled 5’ flap, *3-way(3.5xG) (0.2 
nM) was treated with 0.5% dimethyl sulfate (DMS) (Sigma-Aldrich; St. Louis, 
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MO) in helicase buffer (40 mM Tris-HCl (pH 8.0), 1 mM MgCl2, 5 mM 
dithiothreitol (DTT), 100 µg/mL bovine serum albumin (BSA), 0.1% NP40, and 
250 µM ATP) in 0-200 mM NaCl at room temperature for 10 min, and the 
reaction was stopped by addition of 250 mM β-mercaptoethanol (BME) and 375 
mM sodium acetate (pH 7.0).  As a control, 4xGGG22, which was confirmed to 
form an intramolecular G-quadruplex in Chapter 2, was treated as above but in 
0-75 mM KCl.  DNA from each sample was collected by standard ethanol 
precipitation using yeast tRNA (10 µg) as a carrier.  The resulting pellet was 
resuspended in 10% piperidine (Sigma), incubated at 90°C for 30 min, and the 
liquid was removed using vacuum evaporation.  The samples were resuspended 
in 10 mM Tris (pH 8.0) and an equal volume of formamide loading buffer (95% 
formamide, 20 mM EDTA, 0.05% bromophenol blue (BPB), and 0.05% xylene 
cyanol (XC)) was added.  To facilitate comparison between samples, equal 
amounts of radioactivity in individual samples were electrophoresed on a 
denaturing polyacrylamide (14%) gel.  DNA fragments were visualized using 
Storm 860 Phosphorimager and ImageQuant software (GE Healthcare).   
 
T7 endonuclease I hairpin analysis.  In experiments with *3-way(WCH), 
Watson-Crick hairpin formation was confirmed by treating single-stranded 
*5’Flap-WCH or the 5’ flap-radiolabeled *3-way(WCH) (0.2 nM) with T7 Endo I 
(20-200 U/mL) in WRN helicase buffer (see above) with 50 mM NaCl at 37°C for 
1 hr.  For markers, *3-way(WCH) (0.2 nM) was treated with DNase I (0.2-20 
U/mL) in WRN helicase buffer with 50 mM NaCl at 37°C for 10 min.  Reactions 
were stopped by addition of 1/6 volume of dyes (30% glycerol, 50 mM EDTA, 
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0.25% BPB, and 0.25% XC) or equal volume of formamide loading buffer (95% 
formamide, 20 mM EDTA, 0.05% BPB, and 0.05% XC).  Labeled products were 
electrophoresed on a native (6%) or denaturing (14%) gel and visualized as 
described above. 
 
RESULTS 
 
G-telomeric sequence on the invading strand enhances WRN-mediated 
unwinding of a model strand invasion intermediate.  In the previous chapter, 
I demonstrated a model strand invasion intermediate is a preferred substrate for 
WRN, especially at physiologically relevant salt concentrations (100-150 mM) 
(Figure 4.2).  Although the structure itself is applicable to recombination 
throughout the genome, further analysis was required to determine how this 
WRN-mediated activity on a model strand invasion intermediate might be related 
to telomeric HR.  Furthermore, these structures appear to be related to 
telomere-end protection, as they are generated following invasion of the G-rich 
3’ telomeric overhang into duplex telomeric sequence during T-loop formation, 
generating an intermediate with G-telomeric sequence proximal to the junction. 
Therefore, I explored a possible telomeric sequence preference of WRN by 
adding G- or C-telomeric sequences in various orientations on a model strand 
invasion intermediate.   
 
Since the preferred directionality during unwinding involved displacement 
of the non-invading strand, WRN may preferentially bind to and translocate 
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along this 3’ flap strand in a 3’ to 5’ orientation.  Therefore, model strand 
invasion intermediates with various telomeric-related sequences located on the 
3’ flap strand were designed. The sequences used included a G-telomeric (5’-
(TTAGGG)3TTA-3’), C-telomeric (5’-(TAACCC)3TAA-3’), and a scrambled 
version of the G-telomeric sequence (5’-(AGTGTG)3AGT-3’), each 
encompassing the entire 21 nt 3’ flap of their respective substrates.  On this set 
of substrates, the 5’ flap consisted of a unique, random sequence, also 21 nt in 
length.  In addition to the two single-stranded flaps, each three-way junction 
contained 31 bp duplex regions on either side of the junction composed of 
similar nucleotide compositions to prevent unwinding bias (a preferred 
unwinding direction due to weaker Watson-Crick interactions), similar to the 
structures used in Chapter 4 (Figure 5.1).  To determine if WRN possessed 
telomeric sequence specificity, I examined WRN-mediated unwinding of model 
strand invasion intermediate substrates with G-telomeric (Gtelo), C-telomeric 
(Ctelo), or a scrambled G-telomeric (Gscr) sequence on the 3’ flap in 0-200 mM 
NaCl at 37°C for 15 min (Figure 5.2).  Unless otherwise noted, the exonuclease-
deficient mutant WRN-E84A was used to throughout this chapter to study the 
helicase activity of WRN in isolation.  The products generated in this helicase 
assay represent displacement of one or more strands, as indicated by faster 
product migration on a native polyacrylamide gel.  Here, the fork products result 
from displacement of a single flap strand, either the non-invading 3’ flap strand 
(slower-migrating fork) or the invading 5’ flap strand (slightly faster-migrating 
fork) (Figure 5.2A).  In the absence of NaCl, WRN generated multiple labeled 
products, including two forks and single-stranded base (Figure 5.2A).  However,  
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Figure 5.2  Telomeric sequence on 3’ flap does not affect WRN-mediated 
unwinding.  A) A helicase assay was performed on *3-way(3’-G), *3-way(3’-C), 
or *3-way(3’-Gscr) (0.2 nM) using WRN-E84A (0.7 nM) in 0-200 mM NaCl at 
37°C for 15 min.  Unwinding products were analyzed by native PAGE (6%).  
Structures of resulting DNA products are indicated.  B) The percentage of 
original substrate converted to faster migrating products (forks + single strands) 
was calculated and plotted as a function of NaCl concentration.  
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at greater NaCl concentrations, WRN primarily displaced the non-invading 
strand on all substrates (Figure 5.2A), the same directionality observed with non-
telomeric sequences (Figure 4.4). WRN exhibited a lesser preference for this 
directionality on the C-telomeric substrate (Figure 5.2A, lanes 8-12).  More 
importantly, each substrate was unwound at similar levels across the range of 
NaCl concentrations (Figure 5.2B), indicating that non-invading strand telomeric 
sequence had little or no effect on WRN-mediated unwinding.   
 
Since the sequence of the 3’ flap did not alter WRN-mediated unwinding 
of a model strand invasion intermediate, I next examined the effect of telomeric 
sequences on the 5’ flap by simply designing new substrates with the same 
sequences used in the previous experiments in addition to a non-telomeric 
random sequence on the 5’ flap (Figure 5.1).  However, scrambled G-telomeric 
sequence (5’-(AGTGTG)3AGT-3’) now composed the entirety of the 3’ flap.  To 
examine the effect of 5’ flap sequence, WRN was incubated in 50-200 mM NaCl 
at 37°C for 15 min with model strand invasion intermediate substrates with G-
telomeric (Gtelo), scrambled G-telomeric (Gscr), C-telomeric (Ctelo), or random 
sequence on the 5’ flap (Figure 5.3A-B).  Here, and in subsequent experiments, 
unwinding was not measured in 0 mM NaCl since multiple directionalities were 
observed under these conditions (Figure 5.2, data not shown).  Across the NaCl 
concentration range, WRN preferentially unwound the non-invading strand 
(Figure 5.3A), a similar directionality observed in previous experiments (Figure 
5.2).  However, in marked contrast to substrates possessing 3’ flap telomeric 
sequences, WRN more efficiently unwound the model strand invasion  
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Figure 5.3  WRN preferentially unwinds model strand invasion 
intermediates with G-telomeric sequence on the 5’ flap.  A) To examine the 
effect of telomeric sequence on the 5’ flap, helicase assays were performed on 
*3-way(3.5xG), *3-way(3.5xGscr), *3-way(3.5xC), or *3-way(5’-21nt) (0.2 nM) 
using WRN-E84A (0.24 nM) in 50-200 mM NaCl at 37°C for 15 min.  Unwinding 
products were analyzed by native PAGE (6%).  Structures of the unwinding 
products are indicated.  B) The percentage of original substrate converted to 
faster migrating products was calculated (mean ± SE) using four independent 
experiments and plotted as a function of NaCl concentration.  C) WRN-mediated 
unwinding was further examined by performing a helicase assay of *3-
way(3.5xG), *3-way(3.5xGscr), *3-way(3.5xC), or *3-way(5’-21nt) (0.2 nM) using 
WRN-E84A (0.2 nM) in 150 mM NaCl at 37°C for 0-15 min.  Unwinding products 
were analyzed by native PAGE (6%) (not shown).  The percentage of original 
substrate converted to fork products was calculated (mean ± SE) using three 
independent experiments and plotted as a function of time.  D) A helicase assay 
was performed on *3-way(3.5xG) (0.2 nM) using WRN-E84A (0.2-0.9 nM) or the 
helicase-dead mutant WRN-K577M (0.2-0.9 nM) in 150 mM NaCl at 37°C for 15 
min.  Labeled products were analyzed by native PAGE (6%).  Structures of the 
resulting products are shown. 
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intermediate with G-telomeric sequence on the 5’ flap over other sequences 
examined here, with the greatest sequence preference occurring at 100-150 mM 
NaCl (Figure 5.3B).  The presence of C-telomeric sequence on the 5’ flap 
resulted in reduced unwinding when compared to scrambled G-telomeric and 
even non-telomeric sequences (Figure 5.3B).  I also examined the rate of 
unwinding of these substrates in 100 mM NaCl (Figure 5.3C).  A similar 
preference for unwinding model strand invasion intermediates containing G-
telomeric sequence on the 5’ flap was observed across the examined time 
range, even after 5 min (Figure 5.3C).  Compared to non-telomeric sequences, 
the presence of C-telomeric sequence also reduced WRN-mediated unwinding 
after 5 min (Figure 5.3C), consistent with previous results (Figure 5.3A-B).  This 
unwinding activity of WRN is specific to the helicase domain, as WRN-K577M, 
which has a point mutation that eliminates helicase activity, does not unwind *3- 
way(3.5xG) (Figure 5.3D).  Collectively, these results indicate WRN 
preferentially unwinds model strand invasion intermediates with G-telomeric 
sequence on the 5’ flap, suggesting WRN may play a role in telomeric HR and/or 
T-loop development. 
 
 Since WRN exhibited a stronger helicase activity associated with G-
telomeric sequence, I examined the possibility that WRN more efficiently bound 
G-telomeric sequences.  Initially, I performed binding assays on these same 
telomeric three-way junctions used in helicase assays; however, no differences 
in binding were observed (data not shown).  Even without telomeric sequences, 
these model strand invasion intermediates are very stably bound by WRN under 
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EMSA conditions (Figure 4.3), possibly limiting the ability to observe sequence-
specific binding differences.  However, a similar structure lacking the 3’ flap, *3-
way(3’-0nt), was a much poorer binding substrate for WRN (Figure 4.3).  
Therefore, I examined WRN binding to these structures with varying telomeric 
sequences on the 5’ flap using EMSAs.  Using increasing protein 
concentrations, WRN was incubated with 5’ single-flap substrates with G-
telomeric (Gtelo), scrambled G-telomeric (Gscr), C-telomeric (Ctelo), or random 
sequence in 100 mM NaCl at 37°C for 10 min (Figure 5.4).  Each substrate was 
bound by WRN in a protein dependent manner, as evident by the production of a 
slower migrating WRN-*DNA species (Figure 5.4A).  However, the G-telomeric 
single-flap substrate was more efficiently bound at all WRN concentrations than 
the other substrates examined (Figure 5.4B).  A similar pattern of G-telomeric 
sequence-specific WRN binding was also observed in EMSAs using single-
stranded DNA (data not shown).  Therefore, these binding results suggest 
enhanced WRN-mediated unwinding of G-telomeric strand invasion 
intermediates is a direct result of more efficient protein binding to DNA structures 
containing single-stranded G-rich telomeric sequence. 
 
To this point, the most favorable strand invasion intermediate (*3-
way(3.5xG)) for WRN-mediated (and NaCl resistant) unwinding had 3.5 G-
telomeric repeats ((TTAGGG)3TTA) on the 5’ flap.  However, unwinding was 
significantly reduced when the G-telomeric sequence on the 5’ flap was replaced 
with a random, non-telomeric sequence (*3-way(5’-21nt)) (Figure 5.3).  To more 
closely analyze the G-telomeric sequence requirements for efficient WRN- 
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Figure 5.4  WRN preferentially binds G-telomeric sequence.  A) EMSA’s 
were performed by incubating *3-way(3.5xG)(3’-0nt), *3-way(3.5xGscr)(3’-0nt), 
*3-way(3’-0nt), or *3-way(3.5xC)(3’-0nt) (0.2 nM) with WRN-E84A (0-3.4 nM) at 
37°C for 10 min.  NaCl (100 mM) was included only in the reaction volume.  
Labeled DNA products were analyzed by native PAGE (3.5%, 37.5:1) at 25°C.  
B) The percentage of original substrate lost (mean ± SE) was calculated using 
five independent experiments.    
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mediated unwinding, I created three-way junction substrates with 1-4 G-
telomeric repeats extending from the junction on the 5’ flap.  Each substrate 
(Figure 5.1) consisted of a 5’ flap that was 21 nt long, with repeats proximal to 
the junction; where applicable, the remainder of the sequence towards the 5’ 
end was comprised of random sequence used previously.  As a single 
exception, *3-way(4xG), with four complete G-telomeric repeats, possessed a 5’ 
flap that was 25 nt long  From this point on, all three-way junctions were 
constructed with scrambled G-telomeric sequence on the 3’ flap (Figure 5.1).  A 
helicase assay was performed by incubating WRN with *3-way(1xG), *3-
way(1.5xG), *3-way(2xG), *3-way(2.5xG), *3-way(3xG), *3-way(3.5xG), or *3-
way(4xG) in 50-100 mM NaCl at 37°C for 15 min (Figure 5.5).  *3-way(3xG) and 
*3-way(3.5xG), which both contain three GGG repeats, were most efficiently 
unwound by WRN (Figure 5.5A-B).  However, fewer repeats significantly 
reduced WRN-mediated unwinding, suggesting a threshold of G-telomeric 
sequence may exist for optimal unwinding of these structures by WRN (Figure 
5.5B).  These results were consistent across the range of NaCl concentrations 
tested, except at 150-200 mM NaCl where overall unwinding was very low 
(Figure 5.5B).  Surprisingly, inclusion of an additional GGG tract (*3-way(4xG)) 
also reduced unwinding (Figure 5.5B).  These sequences, which consist of four 
GGG tracts, may form intramolecular G-quadruplexes, suggesting these 
secondary structures may alter WRN-mediated unwinding.  
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Figure 5.5  At least three G-telomeric repeats are required for efficient 
WRN-mediated unwinding.  A) To examine the sequence requirements for 
efficient unwinding, WRN-E84A (0.23 nM) was incubated with *3-way(1xG), *3-
way(1.5xG), *3-way(2xG), *3-way(2.5xG), *3-way(3xG), *3-way(3.5xG), or *3-
way(4xG) (0.2 nM) in 50-200 mM NaCl at 37°C for 15 min.  Labeled products 
were analyzed by native PAGE (6%).  The resulting structures are indicated.  B) 
The percentage of original substrate converted to fork products (mean ± SE) 
was calculated from three independent experiments.   
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Enhanced WRN-mediated unwinding of G-telomeric strand invasion 
intermediate not due to presence of a G-quadruplex.  Telomeric sequences 
are capable of forming various secondary structures, including G-quadruplexes.  
As previously discussed (Chapter 2), G-quadruplexes can be formed by the 
interaction of a single DNA molecule (intramolecular) or two or more strands 
(intermolecular).  These structures are stabilized by monovalent cations, such as 
Na+ or K+, but Li+ disfavors G-quadruplex formation [Williamson, Raghuraman et 
al. 1989].   Notably, the greatest preference for *3-way(3.5xG) occurred in 100-
150 mM NaCl (Figure 5.3), raising the possibility that secondary structures on 
the 5’ flap may lead to greater WRN-mediated unwinding.  While the 5’ flap 
sequence of *3-way(3.5xG), which consists of only three GGG tracts, does not 
form an intramolecular G-quadruplex, this sequence may fold into an 
intermolecular G-quadruplex.  Notably, I previously determined the 5’ flap 
sequence of *3-way(4xG), which consists of four GGG tracts, folds into an 
intramolecular G-quadruplex in 75 mM KCl (Figure 2.3).   
 
To directly examine whether secondary structure or sequence mediated 
greater WRN-mediated unwinding of model strand invasion intermediates, I 
compared WRN-mediated unwinding of *3-way(4xG) and *3-way(3.5xG) in 50-
200 mM NaCl or LiCl at 37°C for 15 min (Figure 5.6A-B).  G-quadruplexes 
readily form in the presence of Na+ (or K+), while the presence of Li+ disfavors 
formation of these structures [Sen and Gilbert 1992].  Similar to previous 
experiments (Figure 5.3A), the primary products observed in reactions 
performed in NaCl or LiCl were two-stranded forks generated by WRN-mediated  
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Figure 5.6  Enhanced unwinding of G-telomeric sequence not due to G-
quadruplex secondary structure.  A) A G-quadruplex on the 5’ flap reduces 
WRN-mediated unwinding.  In 50-200 mM NaCl or LiCl, WRN-E84A (0.27 nM) 
was incubated with *3-way(3.5xG) or *3-way(4xG) (0.2 nM) at 37°C for 15 min.  
Labeled products were analyzed by native PAGE (6%).  The structures of the 
resulting products are indicated.  B) The percentage of original substrate 
converted to fork products was calculated. C) 4xGGG22 forms an intramolecular 
G-quadruplex.  To examine the secondary structure of the telomeric sequences 
used on the 5’ flaps, CD was performed on 3.5xGGG21 (4.5 µM), 4xGGG22 (4.3 
µM), or 3.5xCCC21 (4.7 µM) in 100 mM KCl at 37°C.  The CD was calculated as 
millidegrees (mdeg) and plotted as a function of wavelength (nm).  The 
maximum peaks are indicated for each sequence.  
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unwinding of the 3’ flap strand (Figure 5.6A). WRN efficiently unwound *3-
way(3.5xG) at similar levels in NaCl and LiCl (Figure 5.6B).  In LiCl, *3-way(4xG) 
was unwound at similar levels as *3-way(3.5xG).  However, WRN-mediated 
unwinding of *3-way(4xG) was markedly reduced in NaCl under G-quadruplex 
forming conditions (Figure 5.6B).  These results indicate an intramolecular G-
quadruplex on the 5’ flap strand reduces WRN-dependent unwinding of a model 
strand invasion intermediate.   
 
Although *3-way(3.5xG) does not form an intramolecular G-quadruplex, 
the enhanced unwinding activity may result from intermolecular G-quadruplex 
formation.  I further analyzed the conformation of sequences found on the 5’ flap 
of model strand invasion intermediates using circular dichroism (CD) 
spectroscopy, a method extensively used to detect DNA secondary structures.  
In solution, optically active DNA molecules absorb left and right circularly 
polarized light differently, depending on the structural conformation.  CD 
measures light transmitted through DNA as ellipticity [Woody 1995], which is 
expressed as millidegrees (mdeg).  CD measures ellipticity measured across a 
range of wavelengths, generating a unique spectrum for each DNA 
conformation.  Using short oligonucleotides of the 5’ flap sequences of *3-
way(4xG), *3-way(3.5xC), and *3-way(3.5xG), I compared the CD spectra of 
unlabeled 4xGGG22, 3.5xCCC21, and 3.5xGGG21 in 100 mM KCl at 37°C (Figure 
5.6C).  Consistent with formation of an intramolecular G-quadruplex in KCl which 
exhibits a peak at 295 nm [Xu, Noguchi et al. 2006], I found 4xGGG22 generated 
a maximum peak at 292 nm, (Figure 5.6C).  An oligonucleotide with C-telomeric 
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sequence, 3.5xCCC, formed a maximum at 276 nm, consistent with 
unstructured DNA (Figure 5.6C) [Bishop and Chaires 2003; Kaushik, Prasad et 
al. 2010].  3xGGG21 produced a spectrum with a small peak at 266 nm, and heat 
denaturation of 3xGGG31 eliminated the 266 nm peak (Figure 5.6C).  Although 
the spectrum of 3xGGG21 was consistent with a parallel intermolecular G-
quadruplex structure [Bishop and Chaires 2003], these experiments were 
performed in higher DNA concentrations (4.27-4.74 µM) that tend to promote 
intermolecular guanine Hoogsteen interactions [Sen and Gilbert 1992].  In 
contrast, helicase assays are performed using low DNA concentrations (0.2 nM), 
conditions that are less favorable for intermolecular G-quadruplex formation.  
However, these results do confirm the 5’ flap sequence of *3-way(3.5xG) does 
not form an intramolecular G-quadruplex in 100 mM KCl. 
 
To determine if the 5’ flap of *3-way(3.5xG) formed an intermolecular G-
quadruplex under conditions that mimic those of a helicase assay, the dimethyl 
sulfate (DMS) protection assay was performed.  DMS specifically methylates the 
N7 position of guanines not involved in the G-quadruplex structure [Sen and 
Gilbert 1988; Balagurumoorthy and Brahmachari 1994].  Piperidine randomly 
cleaves the DNA backbone at methylated guanines, generating a pattern of 
radiolabeled DNA fragments when analyzed on a denaturing gel.  Initially, in 0-
200 mM NaCl, single stranded *5’Flap(3.5xG) or *3-way(3.5xG) (with the 5’ flap 
strand radiolabeled) was incubated at 90°C and slow cooled to 25°C to promote 
any G-quadruplex formation (Figure 5.7).  As a positive control for G-quadruplex 
formation, *4xGGG22 was incubated in 0 or 75 mM KCl (Figure 5.7, lanes 15-  
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Figure 5.7  A sequence with three G-telomeric repeats does not form a G-
quadruplex.  To detect G-quadruplex formation, a DMS protection assay was 
performed on *5’flap-3.5xG or *3-way(3.5xG) (0.2 nM) in WRN buffer conditions 
containing 0-200 mM NaCl.  As a control, *4xGGG22 (0.2 nM) was examined in 0 
or 75 mM KCl.  Products resulting from cleavage at unmethylated guanine bases 
are analyzed by denaturing PAGE (14%).  Length of resulting DNA fragments 
are indicated on the left. 
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17).  In the absence of KCl, a pattern of unstructured *4xGGG22 was generated 
(lane 16), but the intensity of these bands were reduced in 75 mM KCl (lane 17) 
indicating these guanines were involved in a G-quadruplex structure.  However, 
the unstructured pattern of heat denatured single-stranded *5’Flap(3.5xG) (lane 
2) and *3-way(3.5xG) (lane 9) was also observed in in 200 mM NaCl (lane 7 and 
14 respectively).  These results indicate that, under the conditions and DNA 
concentrations in which these helicase assays were performed, substrates 
containing 3.5x G-telomeric repeats do not form intermolecular G-quadruplexes 
and suggest that the enhanced unwinding observed with the *3-way(3.5xG) 
substrate is not due to an intermolecular G-quadruplex on the 5’ flap. 
 
Guanine hairpins may not enhance WRN’s preference for G-telomeric 
model strand invasion intermediates.  Although the previous results ruled out 
formation of an intermolecular G-quadruplex on the 5’ flap of *3-way(3.5xG), this 
sequence might still be capable of forming a hairpin through Hoogsteen 
interactions.  The formation of guanine hairpins, although less stable than G-
quadruplexes [Sen and Gilbert 1992], simply requires two tracts with a minimum 
of 3 consecutive guanines (in this case, two G-telomeric repeats)  [Henderson, 
Hardin et al. 1987].  To examine how these structures may influence WRN-
mediated unwinding of model strand invasion intermediates, a series of 
experiments using conditions that alter potential guanine hairpin stability were 
designed.  Specifically, I examined how sequence location, guanine character, 
temperature, and flap structure affect WRN-mediated unwinding of model strand 
invasion intermediates.   
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The minimal sequence requirement for guanine hairpin formation is two 
GGG tracts, or two full G-telomeric repeats.  With three guanine tracts, *3-
way(3.5xG) is capable of forming a guanine hairpin in different frames, including 
locations proximal or distal to the junction.  Therefore, model strand invasion 
intermediates were generated with two G-telomeric repeats either proximal to 
the junction (*3-way(2.5xG)) or distal to the junction (*3-way(2.5xG-end)).  To 
examine the effect of G-telomeric repeat location, I performed a helicase assay 
on *3-way(2.5xG) *3-way(2.5xG-end), and *3-way(3.5xG) using WRN in 50-200 
mM NaCl at 37°C for 15 min (Figure 5.8A-B).  WRN efficiently unwound *3-	  
way(3.5xG), generating a single fork product (Figure 5.8A, lanes 12-14) with 
reduced helicase activity at greater NaCl concentrations.  Unwinding of both 
strand invasion intermediate substrates with 2.5 repeats was significantly 
reduced across the range of NaCl concentrations, except 200 mM NaCl due to 
reduced overall WRN activity (Figure 5.8B). Importantly, unwinding of both 2.5 
repeat substrates was similar at all NaCl concentrations examined (Figure 5.8B).  
 
I performed a similar experiment using strand invasion substrate 
containing the Tetrahymena telomeric sequence, TTGGGG, on the 5’ flap.  
Compared to the human telomeric sequence (TTAGGG), Tetrahymena telomeric 
sequence possesses an extra guanine base and likely forms a more stable 
guanine hairpin [Henderson, Hardin et al. 1987].  In a similar manner as Figure 
5.8A-B, a helicase assay was performed on control, *3-way(3.5xT) and *3-
way(3.5xGscr), and test, *3-way(2.5xT) and *3-way(2.5xT-end), substrates using 
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Figure 5.8  Location of G-telomeric repeats does not affect unwinding.  A) 
To examine the effect of location of two human G-telomeric repeats, a helicase 
assay was performed on *3-way(2.5xG), *3-way(2.5xG-end), or *3-way(3.5xG) 
(0.2 nM) using WRN-E84A (0.3 nM) in 50-200 mM NaCl at 37°C for 15 min.  
Labeled unwinding products were analyzed by native PAGE (6%).  The 
structures of the resulting products are indicated.  B) The percentage of original 
substrate converted to fork products was quantitated.  C) To examine the effect 
of location of two Tetrahymena G-telomeric repeats, a helicase assay was 
performed on *3-way(3.5xT), *3-way(2.5xT), *3-way(2.5xT-end), or *3-
way(3.5xGscr) (0.2 nM) using WRN-E84A (0.11 nM) in 50-100 mM NaCl at 37°C 
for 10 min.  *DNA products were analyzed by native PAGE (6%), and structures 
are indicated.  D) The percentage of original substrate converted to fork 
products was calculated. 
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WRN in 50-200 mM NaCl at 37°C for 10 min (Figure 5.8C-D).  The model strand 
invasion intermediate with 3.5 Tetrahymena repeats was efficiently unwound 
efficiently at all NaCl concentrations examined (Figure 5.8C, lanes 2-5). 
Unwinding of *3-way(2.5xT) and *3-way(2.5xT-end) were significantly reduced, 
but levels remained somewhat higher than the control, *3-way(3.5xGscr).  
However, similarly to substrates with human telomeric repeats, unwinding levels 
of *3-way(2.5xT) and *3-way(2.5xT-end) were very similar across the range of 
NaCl concentrations tested (Figure 5.8D).   
 
Since the location of potential guanine hairpins did not appear to alter 
WRN-mediated unwinding, I next attempted to disrupt the stability of a possible 
guanine hairpin structure.  Here, the sequence on the 5’ flap of *3-way(3.5xG) 
was modified by replacing two guanines with inosine to construct *3-way(3.5xI) 
substrate.  Inosine is identical to guanosine except it lacks the N2 amino group 
that is involved in Hoogsteen interactions (Figure 5.9A).  By replacing one 
guanine in two different G-runs, any potential of *3-way(3.5xI) to form a guanine 
hairpin has been essentially eliminated.  To analyze unwinding of these 
structures, WRN was incubated with *3-way(3.5xG), *3-way(3.5xI), or *3-
way(3.5xGscr) at various NaCl concentrations (50-200 mM) at 37°C for 10 min 
(Figure 5.9B-C).  Inosine substitutions resulted in lesser unwinding compared to 
the *3-way(3.5xG) (Figure 5.9B).  In fact, *3-way(3.5xI) was unwound at similar 
levels as *3-way(3.5xGscr), and these patterns were consistent across the range 
of NaCl concentrations tested (Figure 5.9C).  In the same experiment, I also 
compared the Tetrahymena telomeric sequence (TTGGGG) of *3-way(3.5xT) 
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Figure 5.9  More efficient unwinding with presence of longer G-runs.  A) 
Structures of guanosine (left), inosine (middle), and guanine hairpin (right).  B) 
To examine how the length of guanine runs affects unwinding efficiency, 
helicase assays were performed on *3-way(3.5xG), *3-way(3.5xI), *3-
way(3.5xT), or *3-way(3.5xGscr) (0.2 nM) using WRN-E84A (0.11 nM) in 50-200 
mM NaCl at 37°C for 10 min.  Products were analyzed by native PAGE (6%), 
and the resulting structures are indicated.  C) The percentage of substrate 
converted to fork products (mean ± SE) was calculated using five independent 
experiments.   
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directly to the human telomeric sequence (TTAGGG).  WRN more efficiently 
unwound *3-way(3.5xT) (Figure 5.9B-C), suggesting WRN may prefer 
sequences with longer guanine tracts. 
 
Guanine hairpins are also stabilized by cooler temperatures [Henderson, 
Hardin et al. 1987].  Therefore, to investigate whether *3-way(3.5xG) forms a 
guanine hairpin, I examined unwinding of *3-way(3.5xG) at a range of 
temperatures.  The strand invasion intermediate substrates *3-way(3.5xG), *3- 
way(3.5xT), or *3-way(3.5xGscr) were incubated with WRN in 100 mM NaCl for 
10 min at temperatures ranging from 4-37°C (Figure 5.10A-B).  WRN more 
efficiently unwound the Tetrahymena substrate, *3-way(3.5xT), compared to the 
human telomeric substrate, *3-way(3.5xG), across the range of temperatures 
(Figure 5.10A-B).  Interestingly, temperature had a marked effect on WRN-
mediated unwinding of these structures; unwinding was significantly enhanced 
at 18-30°C (Figure 5.10B).  These results were particularly interesting since 
WRN helicase activity is traditionally reduced at temperatures below 37°C (data 
not shown).  However, temperature did not have a marked effect on unwinding 
of *3-way(3.5xGscr), although under the conditions used here overall unwinding 
of this substrate was minimal (Figure 5.10B).  
 
 To further enhance probability for guanine hairpin formation, I also 
examined substrates with the Tetrahymena sequence at reduced temperatures.  
In addition to those substrates with two Tetrahymena repeats proximal (*3-
way(2.5xT)) or distal (*3-way(2.5xT-end)) to the junction, I also included a new 
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Figure 5.10  WRN-mediated unwinding is altered at lower temperatures.  A) 
To examine the effect of temperature on WRN-mediated unwinding, a helicase 
assay was performed on *3-way(3.5xG), *3-way(3.5xT), or *3-way(3.5xGscr) 
(0.2 nM) using WRN-E84A (0.11 nM) in 100 mM NaCl at 4-37°C for 10 min.  
Labeled products were analyzed by native PAGE (6%).  B) The percentage or 
substrate converted to fork products were calculated.  C) Unwinding of three-
way junctions with varying locations of Tetrahymena repeats at lower 
temperatures was analyzed by helicase assays.  *3-way(3.5xT), *3-way(2.5xT), 
*3-way(2.5xT-end), or *3-way(2.5xT-split) (0.2-0.4 nM) was incubated with 
WRN-E84A (0.11 nM) in 100 mM NaCl at 12-37°C for 10 min.  Labeled products 
were analyzed by native PAGE (6%).  The structures of the resulting products 
are indicated.  D) The percentage of original substrate converted to fork 
products (mean ± SE) was calculated using three independent experiments. 
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substrate with one Tetrahymena repeat near the junction and one repeat near 
the 5’ end (Figure 5.1), which may form a hairpin with a larger loop (*3-
way(2.5xT-split)).  To examine the effect of potential guanine hairpin position at 
lower temperatures, WRN was incubated with *3-way(3.5xT), *3-way(2.5xT), *3- 
way(2.5xT-end), and *3-way(2.5xT-split) using in 100 mM NaCl at 12-37°C for 
10 min (Figure 5.10C-D).  Consistent with previous results (Figure 5.8C-D), at 
37°C, WRN more efficiently unwound *3-way(3.5xT) over other substrates 
possessing only 2.5 G-telomeric repeats, including *3-way(2.5xT), *3-way(2.5xT-
end), and *3-way(2.5xT-split) (Figure 5.10C).  However, three-way junctions with 
distal repeats, such as *3-way(3.5xT) and *3-way(2.5xT-end), were unwound 
significantly better at lower temperatures (Figure 5.10D).  In contrast to 
substrates with distal repeats, unwinding of *3-way(2.5xT) and *3-way(2.5xT-
split) was largely unaffected by temperature (Figure 5.10D).   
 
 Although experiments above were designed to investigate the possibility 
that hairpins formed from Hoogsteen bonding influenced unwinding by WRN, I 
was not able to conclusively confirm or refute hairpin formation.  To examine 
how a definitive hairpin structure on the 5’ flap may affect WRN-mediated 
unwinding, I generated a substrate that is capable of forming a Watson-Crick 
(WC) hairpin on the 5’ flap, *3-way(WCH) (Figure 5.1).  Initially, to determine if 
*3-way(WCH) formed a WC hairpin, T7 endonuclease I, which cleaves at the 
first three phosphodiester bonds 5’ to the mismatch in the looped region of a 
hairpin [Babon, McKenzie et al. 2003], was used.  On these substrates, 
formation of a WC hairpin would result in cleavage by T7 endonuclease I, 
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generating bands in the range of 13-15 nt.  Indeed, faster migrating products 
were generated corresponding to the expected fragment sizes on both native 
(Figure 5.11A) and denaturing (Figure 5.11B), confirming formation of a WC 
hairpin on the 5’ flap.  To examine the effect of a WC hairpin on WRN-mediated 
unwinding, I performed a helicase assay on *3-way(3.5xG) and *3-way(WCH) 
using WRN in 50-200 mM NaCl at 37°C for 10 min (Figure 5.11C-D).  The 
presence of a WC hairpin significantly reduced unwinding compared to the 
control *3-way(3.5xG) across the range of NaCl concentrations tested (Figure 
5.11D).  Although these results do not directly reflect those of a Hoogsteen-
bonding hairpin, they do indicate secondary structure on the invading strand 
reduces WRN-mediated unwinding of a strand invasion intermediate, consistent 
with previous results examining the presence of an intramolecular G-quadruplex 
(Figure 5.6A-B). 
 
In summary, WRN-mediated unwinding of model strand invasion 
intermediates was not altered by location of 2.5 repeats, the minimal 
requirement for guanine hairpin formation.  Since these substrates were less 
efficiently unwound compared to those possessing 3.5 repeats, these results 
suggest the 5’ flap of *3-way(3.5xG) is not likely to form a guanine hairpin.  In 
contrast, the reduction in unwinding activity with the substitution of inosine, 
which disrupts Hoogsteen interactions, suggests the G-telomeric sequence may 
form a guanine hairpin.  However, even the slight structural difference between 
guanosine and inosine may weaken WRN-DNA interactions resulting in reduced 
unwinding.  Additionally, these results follow a pattern with sequences exhibiting  
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Figure 5.11  WRN-mediated unwinding reduced by Watson-Crick hairpin of 
5’ flap.  A) To confirm the 5’ flap of *3-way(WCH) forms a hairpin, the substrate 
(0.2 nM) was incubated with T7 Endo I (20-100 U/mL) at 37°C for 60 min.  
Labeled products were analyzed by native PAGE (6%).  A marker of the 5’ flap 
strand is shown (M).  B) Further confirmation was obtained by incubating single-
stranded *5’flap-WCH (0.2 nM) was incubated with T7 Endo I (200 U/mL) at 
37°C for 60 min.  For size markers, *5-flap-WCH (0.2 nM) was incubated with 
DNase I (0.2-20 U/mL) at 37°C for 10 min.  Labeled products were analyzed by 
denaturing PAGE (14%), and approximate fragment sizes are indicated.  C) To 
test the effect of a Watson-Crick hairpin on WRN-mediated unwinding, 
unwinding of *3-way(3.5xG) was compared to *3-way(WCH) (0.2 nM) at 50-200 
mM NaCl at 37°C for 10 min using WRN-E84A (1.25 nM).  Unwinding products 
were analyzed by native PAGE (6%).  Structures of products are indicated.  D) 
The percentage of original substrate converted to faster migrating products 
(mean ± SE) was calculated using three independent experiments.   
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longer guanine tracts enhancing WRN-mediated unwinding, suggesting WRN 
may prefer sequences with longer G-runs.  Also consistent with guanine hairpins 
enhancing WRN’s activity, unwinding of substrates with potential guanine-hairpin 
forming sequences was enhanced under conditions that would tend to stabilize 
hairpin structures.  However, lower temperatures reduce the molecular motion of 
DNA, suggesting lesser flap movement at lower temperatures may enhance 
WRN access to the preferred G-telomeric sequence on the 5’ flap and thus, 
greater unwinding.  Likewise, the effect of Tetrahymena repeat location on 
temperature-dependent WRN activity may also be explained by decreased 
molecular movement which may allow more efficient recognition of the favored 
sequence at the terminal end of the 5’ flap at lower temperatures, and thus, 
greater unwinding.  Taken together, these results likely support an effect of 
sequence, rather than secondary structure, on WRN-mediated unwinding of 
model strand invasion intermediates, although the evidence presented here is 
not conclusive. 
 
The G-telomeric sequence specificity of WRN is further enhanced with 
mobile three-way junctions.  Using helicase and binding assays, these results 
have demonstrated WRN exhibits a preference for G-telomeric sequence on the 
5’ flap of strand invasion intermediates.  However, HR intermediates and T-loop 
invasion intermediates would possess homologous sequences on both single-
stranded flaps allowing for bidirectional branch migration.  Therefore, to examine 
WRN’s G-telomeric sequence specificity on a more physiologically relevant 
substrate, I generated mobile junction substrates with G-telomeric or C-telomeric 
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sequence on the single-stranded flaps.  The substrate *Mobile-G may include G-
telomeric sequence (TTAGGG) on one or both flaps and specifically mimics the 
three-way junction of T-loops.  Due to the mobile nature of these substrates, the 
length of each flap can vary between 31-52 nt at any point in time, depending on 
the location of the junction (Figure 5.12A).  Likewise, the amount of duplex 
sequence on either side of the junction can vary in a similar manner.  C-
telomeric sequence may be found on both flaps of *Mobile-C (Figure 5.1).  To 
compare WRN-mediated unwinding of these substrates, WRN was incubated 
with *Mobile-G or *Mobile-C in 0-300 mM NaCl at 37°C for 15 min (Figure 5.12).  
Since *Mobile-C possesses a radiolabeled *base strand, unwinding was 
detected in a similar manner as in previous experiments.  The faster-migrating 
fork was generated by displacement of the 5’ flap strand, while displacement of 
the 3’ flap strand produces the slower-migrating fork.  As with non-mobile 
substrates, two fork products are generated in the absence of NaCl (Figure 
5.12A, lane 2), but WRN preferentially displaces the non-invading strand in 
greater NaCl concentrations.  In contrast, *Mobile-G was composed using a 
radiolabeled 5’ flap strand which results in production of a single fork product in 
addition to low amounts of single-stranded 5’ flap strand.  Here, the fork product 
is generated by displacement of the 3’ flap strand, while the opposite 
directionality is observed by production of single strands (Figure 5.12A).  In a 
similar manner as *Mobile-C, both directionalities are observed with *Mobile-G in 
the absence of NaCl (lane 10), but WRN preferentially unwinds the non-invading 
strand at greater NaCl concentrations.  Both substrates were unwound to a large 
extent in the absence of NaCl (Figure 5.12B).  However, while WRN-mediated 
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Figure 5.12  G-telomeric mobile junctions are more effectively unwound.  
A) Unwinding of G-telomeric (*Mobile-G) and C-telomeric (*Mobile-C) (0.2 nM) 
were compared in 0-300 mM NaCl at 37°C for 15 min using WRN-E84A (1.2 
nM).  Here, Mg2+ was replaced with Mn2+.  Labeled products were analyzed by 
native PAGE (6%).  Product structures are indicated.  B) The percentage of 
original substrate converted to fork product was calculated. 
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unwinding of *Mobile-G was largely unaffected in up to 150 mM NaCl, *Mobile-C 
unwinding was significantly reduced (Figure 5.12B).  In fact, some unwinding of 
Mobile-G was even observed at 200 mM NaCl (Figure 5.12B); thus WRN action 
on this substrate was even more “salt resistant” than observed using non-mobile 
substrates (Figure 5.3).  Since T-loops are formed by invasion of the G-rich 3’ 
telomeric overhang, these results are even more supportive of a role for WRN in 
the promotion of telomeric HR and/or T-loop development.  
 
BLM possesses a similar G-telomeric sequence specificity as WRN.   
Previous results presented here suggested BLM possessed a similar structural 
preference as WRN.  Since WRN also exhibited a G-telomeric sequence 
preference, I examined the sequence specificity of BLM.  BLM-mediated 
unwinding of model strand invasion intermediate substrates with G-telomeric (*3-
way(3.5xG)), scrambled G-telomeric (*3-way(3.5xGscr)), C-telomeric (*3-
way(3.5xC)), or random (*3-way(5’-21nt)) in 50-200 mM NaCl at 37°C for 15 min 
was compared (Figure 5.13A-B).  Similar to WRN, BLM, by primarily displacing 
the non-invading strand, more efficiently unwound the G-telomeric strand 
invasion intermediate (Figure 5.13A, lanes 1-5) compared to the other 
substrates examined (Figure 5.13B).  Similar to WRN, unwinding activity and 
salt resistance was enhanced on a G-telomeric mobile three-way junction (data 
not shown).  BLM’s unwinding activity was also dependent on the number of 
GGG tracts, since activity was significantly reduced in the presence of 2.5 G-
telomeric repeats (Figure 5.13C).  In a similar manner to WRN, BLM-mediated 
unwinding required a functional helicase domain, since no unwinding occurred in 
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Figure 5.13  BLM preferentially unwinds model strand invasion 
intermediates with G-telomeric sequence.  A) To examine the telomeric 
sequence specificity of BLM, a helicase assay was performed by incubating 
BLM (0.16 nM) with *3-way(3.5xG), *3-way(3.5xGscr), *3-way(3.5xC), or *3-
way(5’-21nt) (0.2 nM) in 50-200 mM NaCl at 37°C for 15 min.  Labeled 
unwinding products were analyzed by native PAGE (6%).  Product structures 
are indicated.  B) The percentage of original substrate converted to fork 
products (mean ± SE) was calculated.  C) To examine the sequence 
requirements of BLM, a helicase assay was performed by incubating *3-
way(3.5xG), *3-way(3xG), *3-way(2.5xG), *3-way(1.5xG), or *3-way(1xG) (0.2 
nM) in 50-200 mM NaCl at 37°C for 15 min.  Labeled products were analyzed by 
native PAGE (6%) (not shown).  The percentage of original substrate converted 
to fork products (mean ± SE) was calculated.  D) To determine if unwinding was 
dependent on BLM helicase domain, a helicase assay was performed by 
incubating wild-type BLM (0.13-0.5 nM) or helicase-deficient BLM-Y0795A (0.4-
36 nM) with *3-way(3.5xG) (0.2 nM) in 150 mM NaCl at 37°C for 15 min.  
Labeled products were analyzed by native PAGE (6%).  Unwinding product 
structures are indicated. 
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the presence of a helicase-dead mutant (BLM-Y0795A) (Figure 5.13D).  Other 
RecQ helicases, such as RecQ4 and E. coli RecQ, did not possess a telomeric 
sequence preference on model strand invasion intermediates (data not shown).  
These results indicate BLM and WRN possess a similar G-telomeric sequence 
preference in the context of a model strand invasion intermediate.  However, it is 
important to consider BLM exhibited a greater preference for two-stranded forks 
(Figure 4.6D-E), a somewhat different structural specificity than WRN (Chapter 
4).   
 
DISCUSSION 
 
 WRN has been suggested to function at telomeres, as initially evidenced 
by the extended replicative lifespan of WS cells expressing telomerase [Wyllie, 
Jones et al. 2000].  Additional physiological evidence was obtained during the 
development of a WS mouse model, which required several generations of 
telomerase deficiency before a WS phenotype could be observed [Lombard, 
Beard et al. 2000; Chang, Multani et al. 2004; Du, Shen et al. 2004].  WS cells 
undergo elevated telomere recombination [Laud, Multani et al. 2005] and exhibit 
a DNA damage response indicative of telomere dysfunction [van Steensel, 
Smogorzewska et al. 1998; Takai, Smogorzewska et al. 2003; Chang, Multani et 
al. 2004; Szekely, Bleichert et al. 2005], suggesting WRN may function in 
telomere maintenance and telomere-end protection.  Telomeres may be 
protected by T-loops, a structure identified in mammalian cells that forms via a 
recombinogenic event involving invasion of the G-rich 3’ telomeric overhang into 
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the homologous duplex repeats [Griffith, Comeau et al. 1999].  Previously, I 
presented evidence that WRN preferentially unwinds model strand invasion 
intermediates (Chapter 4), a structure that mimics a HR intermediate as well as 
the T-loop junction.  To more closely examine a potential role of WRN in 
telomeric HR, I investigated the effect telomeric sequences have on WRN’s 
helicase activities at model strand invasion intermediates.  Previous studies 
have not demonstrated a sequence preference for WRN.  For the first time, I 
show that G-rich telomeric sequences in context of HR intermediates allows for 
greater WRN activity. 
 
 In Chapter 4, I demonstrated that WRN preferentially unwound a model 
strand invasion intermediate by specifically displacing the non-invading strand, 
particularly in physiological salt conditions.  To analyze how sequence 
influences WRN-mediated unwinding, I placed telomeric sequences consisting 
of 3.5 repeats on the 3’ or 5’ flap of model strand invasion intermediates.  While 
no sequence preference associated with the 3’ flap was observed, WRN 
preferentially unwound model strand invasion intermediates with at least three 
G-telomeric repeats (5’-(GGGTTA)3-3’) proximal to the junction on the 5’ flap 
when compared to similar substrates with C-telomeric or non-telomeric 
sequences. Consistent with previous results using non-telomeric substrates, 
unwinding was achieved by primarily displacing the non-invading strand, 
especially in physiological salt conditions.  In the more physiologically relevant 
KCl [Thier 1986], not only was a similar sequence preference observed, but 
WRN also possessed greater overall unwinding activity (data not shown).  Under 
 170 
these high salt conditions, G-quadruplexes may form [Wang and Patel 1993; Xu, 
Noguchi et al. 2006; Phan, Kuryavyi et al. 2007].  Therefore, the possibility G-
quadruplexes might be mediating WRN’s preference for the G-telomeric model 
strand invasion intermediate was considered.  However, these results indicated 
the 5’ flap sequence consisting of 3.5 G-telomeric repeats did not form a G-
quadruplex.  Furthermore, in conditions favorable for G-quadruplex formation, 
the model structure with four G-telomeric repeats, *3-way(4xG), was a poorer 
substrate, suggesting G-quadruplexes reduce WRN-mediated unwinding of 
model strand invasion intermediates.  Although G-quadruplexes are in vitro 
substrates for WRN [Fry and Loeb 1999; Mohaghegh, Karow et al. 2001], it is 
believed the reduced unwinding of *3-way(4xG) is not due to these structures 
sequestering WRN from the single-stranded/double-stranded junction.  Further 
supporting a G-telomeric sequence specificity, WRN more effectively bound 
single-flap structures as well as single-stranded DNA possessing G-telomeric 
sequence.  However, these studies only indicated a telomeric sequence 
specificity of WRN’s helicase activity, as WRN’s exonuclease activity, as 
observed on the radiolabeled base strand, was unaffected by sequence (not 
shown).  Most importantly, WRN’s preference for G-telomeric model strand 
invasion intermediates was greatest in salt conditions that mimic the intracellular 
environment, suggesting these structures may be physiological targets of WRN.  
 
 These results indicated a G-quadruplex did not form on the 5’ flap of *3-
way(3.5xG) and thus did not enhance WRN’s preference for G-telomeric model 
strand invasion intermediates.  Therefore, this study considered WRN’s G-
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telomeric sequence specificity may be driven by the less stable guanine hairpin 
or may simply result as an effect of sequence.  Supporting a sequence-based 
mechanism, model strand invasion intermediates with two human or 
Tetrahymena telomeric repeats, the minimal requirement for guanine hairpin 
formation, were less efficiently unwound that those with their three repeat 
counterparts.  However, sequences that support more stable hairpin formation 
(Tetrahymena) enhance WRN-mediated unwinding, while sequences that 
destabilize or disrupt guanine hairpins (inosine) suppress it.  While these results 
are suggestive of a favorable effect of guanine hairpins of WRN-mediated 
unwinding, these results may also reflect a preference of WRN for sequences 
with longer guanine tracts.  Furthermore, conditions such as lower temperatures, 
that support guanine hairpin stabilization promoted more efficient unwinding, but 
it is important to consider the effect lower temperatures also have on molecular 
motion.  At lower temperatures, the reduced movement of particularly single 
strands may provide better opportunities for WRN to recognize a preferred 
sequence, particularly near the free end of the 5’ flap, thus leading to greater 
unwinding activity.  Moreover, altering the non-guanine sequence immediately 
proximal to the junction, a change that should have no effect on guanine hairpin 
formation, also reduced WRN-mediated activity (data not shown).  Therefore, 
based on the entirety of the results, it is our belief that primary, unstructured G-
telomeric sequence consisting of a minimal three repeats located proximal to the 
junction most likely drives preferential WRN-mediated unwinding of strand 
invasion intermediates.  However, additional experiments will be required to 
confirm this hypothesis.  
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 I also examined the specificity of WRN’s role at telomeric strand invasion 
intermediates by studying other RecQ helicases, including BLM, which performs 
similar biochemical activities [Mohaghegh, Karow et al. 2001; Machwe, Xiao et 
al. 2005; Machwe, Xiao et al. 2006].  While WRN preferentially unwound a 
model strand invasion intermediate, BLM preferentially unwound a two-stranded 
fork although the protein also efficiently acted at model strand invasion 
intermediates (Chapter 4).  Like WRN, BLM more efficiently unwound a model 
strand invasion intermediate with a minimal three G-telomeric repeats on the 
invading strand, by specifically displacing the non-invading strand.  Since these 
studies were performed at physiological salt conditions and BLM disrupts G-
quadruplexes in vitro [Sun, Karow et al. 1998; Mohaghegh, Karow et al. 2001], 
the possibility remains that G-quadruplexes or other secondary structures may 
enhance BLM’s G-telomeric sequence preference.  However, due to the fact 
both WRN and BLM exhibited similar activities, it is likely these two proteins will 
possess a similar sequence-based mechanism of unwinding.  The vast 
similarities of these two RecQ helicases also suggest WRN and BLM may 
perform similar functions in the cell.  Consistent with this notion, Tert-/-WRN-/-
BLM-/- triple knockout mice exhibited a more severe phenotype [Du, Shen et al. 
2004] suggesting some redundancy does exist between WRN and BLM.  
However, other RecQ helicases examined in this study, RecQ4 and E. coli 
RecQ, did not exhibit a G-telomeric sequence preference related to model 
strand invasion intermediates (not shown), suggesting telomeric recombination 
intermediates may not be targeted by all RecQ proteins.   
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 In this study, I presented evidence that WRN preferentially unwinds 
strand invasion intermediates with invading strand G-telomeric sequence.  
Although these structures may also represent telomeric HR intermediates, they 
directly mimic the invasion site of the 3’ overhang into the duplex repeats.  The 
directionality observed in this study supports a role of WRN in T-loop formation 
and/or stabilization through generation of longer duplex regions at the T-loop 
junction.  Consistent with WRN maintaining these protective telomere structures, 
WRN-deficient cells undergo elevated telomere recombination [Laud, Multani et 
al. 2005] as a consequence of telomere dysfunction [Crabbe, Jauch et al. 2007].  
In addition, these cells exhibit a DNA damage response indicative of telomere 
dysfunction [van Steensel, Smogorzewska et al. 1998; Takai, Smogorzewska et 
al. 2003; Chang, Multani et al. 2004; Szekely, Bleichert et al. 2005].  Therefore, 
WRN may protect against telomere dysfunction and a DNA-damage response 
by aiding in the formation and/or stabilization of T-loops.  However, it is 
important to consider that similar structures may be found in other locations, 
possibly at the other end of the T-loop, and these sites may indicate other roles 
for WRN.  Furthermore, WRN functionally interacts with TRF2 [Opresko, von 
Kobbe et al. 2002; Machwe, Xiao et al. 2004], the only identified protein involved 
in T-loop formation [Stansel, de Lange et al. 2001].  Loss of TRF2 leads to 
telomere fusions and instability as well as a DNA damage response at telomeres 
[van Steensel, Smogorzewska et al. 1998; Takai, Smogorzewska et al. 2003], 
similar to characteristics of WRN deficiency [Chang, Multani et al. 2004; 
Szekely, Bleichert et al. 2005].  I have demonstrated TRF2 enhances WRN-
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mediated strand exchange of telomeric sequences (not shown), suggesting 
these proteins may cooperate at T-loops to promote loop formation in addition to 
stabilization.  Together, these results suggest, in the absence of WRN, fewer T-
loops may be generated, thus leading to telomere dysfunction.  In response to 
telomere deprotection, activation of cell cycle checkpoints leads to senescence 
and consequently aging.  Telomere end fusions and additional instability also 
result from dysfunctional telomeres [van Steensel, Smogorzewska et al. 1998], 
supporting tumor development.  Therefore, to protect against telomere 
instability, premature aging, and cancer, WRN may maintain telomere 
functionality by promoting formation of stable T-loops.  
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CHAPTER 6 
 
CONCLUSIONS AND FUTURE DIRECTIONS 
 
 Found at the terminal ends of all linear chromosomes, telomeres possess 
several elements that make these specialized structures unique.  This abundant 
sequence consist of six-nucleotide repeats and acts as a buffer to protect the 
important internal genetic information [McClintock 1941; Szostak and Blackburn 
1982; Moyzis, Buckingham et al. 1988; de Lange, Shiue et al. 1990].  These 
repeats generate a specific binding sequence for the shelterin DNA-binding 
proteins TRF1, TRF2, and POT1 [Zhong, Shiue et al. 1992; Bilaud, Brun et al. 
1997; Broccoli, Smogorzewska et al. 1997; Baumann and Cech 2001; de Lange 
2005].  Additionally, the repeating nature of telomeres allows strand invasion of 
the G-rich 3’ overhang, a process that generates a specialized protective T-loop 
structure that is unique to telomeres [Griffith, Comeau et al. 1999].  As a G-rich 
sequence, the telomeric lagging strand possesses the potential to form a G-
quadruplex within single-stranded regions generated during DNA metabolism 
[Huppert and Balasubramanian 2005; Lipps and Rhodes 2009].  These 
telomere-specific DNA binding proteins, specialized protective structures, and 
secondary structures have to potential to impede telomeric replication.  As a 
result of the unidirectional nature of telomeric replication [Gilson and Geli 2007], 
these blocks may generate more severe consequences at telomeres.  
Therefore, additional mechanisms are likely required to support proper telomeric 
maintenance and metabolism. 
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The goal of this study was to examine WRN’s role in telomere 
maintenance, particularly during replication, repair of stalled replication forks, 
and maintenance of telomere protective structures.  Supporting a functional 
telomeric role of WRN, WS cells undergo premature senescence, but 
telomerase expression extends their replicative lifespan [Wyllie, Jones et al. 
2000].  A physiological link between WRN and telomeres has been identified 
during development of a WS mouse model.  WRN-deficient mice have no 
discernable phenotype [Lombard, Beard et al. 2000], due to extremely long 
murine telomeres [Kipling and Cooke 1990; Rudolph, Chang et al. 1999]. 
However, following several generations of telomerase deficiency, WRN loss 
leads to an external phenotype reminiscent of WS [Chang, Multani et al. 2004; 
Du, Shen et al. 2004], directly linking telomere dysfunction to premature aging 
associated with WS.  Cells deficient of WRN suffer several metabolic anomalies 
[Salk, Au et al. 1981; Goto, Miller et al. 1996; Lebel and Leder 1998; Pichierri, 
Franchitto et al. 2001; Poot, Yom et al. 2001] suggesting WRN may function in 
telomere maintenance and/or metabolism.  The results presented in this study 
suggest G-quadruplexes pose a barrier to telomeric replication and support a 
role for WRN in targeting G-rich telomeric sequences to promote proper 
telomeric maintenance and metabolism as methods to maintain proper telomere 
structure and function. 
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REPLICATION OF G-QUADRUPLEX FORMING SEQUENCES 
 
 The initial focus of this study was to examine the impact G-quadruplex-
forming sequences, including telomeres, may have on replication.  These results 
revealed that although telomeric intramolecular G-quadruplexes appear to exist 
in a dynamic equilibrium under physiological conditions, these secondary 
structures still blocked several replicative polymerases, thus suggesting 
intramolecular G-quadruplexes may impede replication.  While these telomeric 
G-quadruplexes were dynamic in nature, it is important to consider that other G-
rich sequences found throughout the genome may form more stable G-
quadruplexes that could more effectively block these polymerases.  This study 
also indicated intramolecular G-quadruplexes even blocked translesion 
polymerases that typically bypass bulky, fork-blocking DNA lesions, which 
suggests an high probability for replication fork blockage and subsequent fork 
collapse within G-rich sequences. Indeed, G-quadruplex-forming sequences 
have been shown to induce genomic instability [Betous, Rey et al. 2009; 
Damerla, Knickelbein et al. 2010], and our results are consistent with this notion.  
Importantly, the main polymerase in synthesis of the G-rich telomeric lagging 
strand, pol δ [Nick McElhinny, Gordenin et al. 2008] was blocked, indicating 
these secondary structures are also likely to impede telomere lagging strand 
replication.  Due to the unidirectional nature of telomere synthesis, incomplete 
telomere replication can result in telomere loss.  Directly or over time, loss of 
telomeric sequences can lead to critically shortened dysfunctional telomeres that 
trigger a DNA damage response.  To more directly investigate how G-
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quadruplexes may impact telomeric stability within a cellular environment, 
telomerase-deficient primary fibroblasts may be treated with telomestatin, a 
highly specific human telomeric G-quadruplex binding ligand that serves to 
stabilize these secondary structures [Kim, Vankayalapati et al. 2002].  
Stabilization by telomestatin would be expected to exacerbate the effects of G-
quadruplexes on telomere replication, such as telomere loss.  Therefore, 
telomere length could be examined in response to telomestatin treatments to 
study the effect G-quadruplexes have on replication.  Additionally, telomere-
dysfunction induced foci (TIF) may be detected as markers of telomere 
dysfunction in response to G-quadruplex formation [Takai, Smogorzewska et al. 
2003].  Since telomere dysfunction may also contribute to senescence, these 
telomestatin-treated cells may be tested for β-galactosidase, a marker of 
senescence.  Increased senescence in these cells may suggest a connection 
between telomeric G-quadruplexes and aging.   
 
More than 300,000 sequences across the genome have the potential to 
form a G-quadruplex [Huppert and Balasubramanian 2005; Huppert and 
Balasubramanian 2007].  However, unperturbed cells do not exhibit the 
widespread genomic instability that may result from frequent replication fork 
stalling at G-quadruplexes.  Therefore, other protein(s) may be involved in the 
resolution of G-quadruplexes.  While several helicases, including WRN, BLM, 
and FANCJ, have been shown to unwind G-quadruplexes in vitro [Sun, Karow et 
al. 1998; Fry and Loeb 1999; Mohaghegh, Karow et al. 2001; London, Barber et 
al. 2008; Wu, Shin-ya et al. 2008], molecular evidence is available supporting a 
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role for WRN in the resolution of G-quadruplexes at telomeres.  Importantly, the 
loss-of-function diseases associated with these proteins generate genome 
instability, suggesting these proteins may also promote efficient replication.  
However, due to the substantial evidence supporting a functional interaction 
between WRN and the lagging strand polymerase pol δ, additional experiments 
should be focused on WRN’s role in telomeric lagging strand replication at G-
quadruplexes.  Using the primer extension protocol used in this study, it would 
be informative to examine the effect of WRN, as well as other helicases such as 
BLM and/or FANCJ, on particularly pol δ extension opposite an intramolecular 
G-quadruplex-forming template.  These experiments should provide valuable 
information regarding identification of potential replication-assisting helicase(s) 
at G-quadruplexes.  The effect of G-quadruplexes on genome stability has been 
previously studied through transfection of plasmids containing G-quadruplex-
forming sequences [Betous, Rey et al. 2009; Damerla, Knickelbein et al. 2010].  
Using a similar method, the impact of WRN loss on genome stability related to 
G-quadruplexes could be examined.  Following transfection of normal and WRN-
deficient cells with a non-integrated plasmid containing a control sequence that 
does not form G-quadruplexes or a G-quadruplex-forming sequence, isolated 
plasmids could be detected for mutations particularly within the G-rich region 
using sequencing methods.  Compared to control cells, loss of WRN may result 
in loss of sequence or more frequent mutations within the G-rich region. 
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ROLES FOR WRN DURING TELOMERIC REPLICATION AND 
RECOMBINATION 
 
WRN-mediated regression of replication forks stalled in telomeric regions. 
The unidirectional nature of telomere synthesis indicates that blockage of 
replication forks by proteins, damage, or secondary structures may result in 
more severe consequences at telomeres, such as telomere loss and/or 
dysfunction.  While replication fork regression is proposed to be an initial 
response to blocked replication forks, repeating sequences may become 
misaligned during this process, resulting in sequence loss or expansion.  By 
continuing studies performed in our lab that identified fork regression as a 
complex activity of WRN [Machwe, Xiao et al. 2006; Machwe, Xiao et al. 2007], I 
presented in vitro evidence that WRN properly aligns telomeric and shorter 
dinucleotide repeats during the coordinated action of replication fork regression.  
Through proper alignment, these results support the idea that WRN-mediated 
fork regression is a highly coordinated process [Machwe, Xiao et al. 2007], 
rather than separate unwinding and annealing events which would likely result in 
misaligned sequences.  Furthermore, the results presented here indicate WRN 
regression may also be utilized in difficult to replicate regions, including 
telomeres [Sfeir, Kosiyatrakul et al. 2009] that consist of repeating sequences.  
These results are consistent with previous reports that WRN responds to 
blocked replication forks [Lebel and Leder 1998; Pichierri, Franchitto et al. 2001; 
Poot, Yom et al. 2001; Pirzio, Pichierri et al. 2008].  Replication restart through 
the proper alignment of telomeric repeats would prevent excessive telomere loss 
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during synthesis, theoretically protecting against the telomere instability and 
dysfunction observed in WS [Laud, Multani et al. 2005; Crabbe, Jauch et al. 
2007].  Therefore, in the absence of WRN, blocked replication forks may lead to 
fork collapse and subsequent telomere loss, consistent with the stochastic 
telomere loss observed in WS [Bai and Murnane 2003]. 
 
 At telomeres, the replication fork can encounter a number of potential 
blocks, including G-quadruplexes, telomere binding proteins, and T-loops.  
However, the consequences of replication fork blockage may be more severe at 
telomeres, as the repeating nature of the sequence allows for more opportunities 
for errors through recombination repair pathways that may result in telomere 
dysfunction.  While regression activity of WRN might apply throughout the 
genome, WRN’s ability to properly align repeats during fork regression suggests 
WRN’s role at telomeres may be especially crucial.  Therefore, it would be 
informative to examine the effect WRN has on telomeric replication efficiency, 
particularly in response to fork-blocking DNA damage.  This could be 
accomplished by treating normal and WRN-deficient cells with a DNA damaging 
agent, such as cisplatin which would generate greater damage at G-rich 
sequences such as telomeres [Blommaert, van Dijk-Knijnenburg et al. 1995].  
Replication efficiency could then be detected by measuring the rate of nucleotide 
incorporation at telomeres.  Reduced telomeric synthesis in WRN-deficient cells 
in response to DNA damage will support a role of WRN in promotion of efficient 
telomeric replication.  However, WS cells would likely exhibit reduced replication 
efficiency even in the absence of exogenous agents due to other forms of fork 
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blocks, including endogenous DNA damage, DNA-binding proteins, or 
secondary structures.  Furthermore, replication fork blocks at telomeres may 
lead to fork collapse and telomere loss due to a lack of a converging replication 
fork.  Since WRN deficient cells are likely to possess a greater number of 
blocked replication forks in response to DNA damage, they retain a greater 
probability of fork collapse and telomere loss.  Therefore, following treatment 
with DNA damage agents, telomere lengths may be measured within normal and 
WRN knockdown cells.  These studies may provide valuable evidence linking 
inefficient replication in the absence of WRN to telomere instability.   
 
WRN-mediated action on recombinational and telomeric structures.  Since 
WS cells also develop genomic instability associated with elevated telomeric 
recombination [Laud, Multani et al. 2005], this study examined a potential role of 
WRN in not only HR, but at a similar homology-based strand invasion 
intermediate found at the protective T-loop structure [Griffith, Comeau et al. 
1999].  WRN’s function in telomeric recombination and end protection was 
examined by investigating the protein’s helicase activity at model strand invasion 
intermediates that mimic telomeric HR and the junction at T-loops.  I 
demonstrated WRN preferentially unwinds model strand invasion intermediates, 
a structure that mimics HR intermediates, supporting the notion WRN functions 
in HR.  Strongly supporting a telomeric function of WRN, a minimum of three G-
telomeric repeats (TTAGGG) located proximal to the single-stranded/double-
stranded junction enhanced WRN’s activity on these structures.  Importantly, 
these G-telomeric structures directly mimic a recombination intermediate 
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generated by invasion of the G-telomeric strand during telomeric HR, especially 
at the T-loop, consistent with a potential role of WRN in telomere end-protection 
[Chang, Multani et al. 2004; Szekely, Bleichert et al. 2005].  These studies 
addressed a possible physiological role of WRN at telomeric recombination 
intermediates and/or at the T-loop.  Importantly, the directionality observed is 
consistent with WRN promoting telomeric HR in addition to T-loop formation and 
stabilization, through generation of a longer duplex region at the T-loop junction.  
Therefore, in the absence of WRN, unstable or even non-existent T-loops may 
result leaving the telomere ends unprotected and dysfunctional.  However, it is 
also important to consider these structures may be found at other locations, 
such as the other end of the T-loop invasion site, where the observed 
directionality would support a counteractive T-loop resolution activity; therefore, 
additional studies may be performed to identify WRN’s precise role at T-loops.  
Unresolved T-loops in the absence of WRN may block the replication fork, also 
resulting in stochastic telomere loss and subsequent telomere dysfunction. 
Regardless of WRN’s directionality of action, WRN deficiency would potentially 
allow more error-prone repair pathways such as NHEJ to become implemented, 
leading to greater instability at telomeres.  Therefore, loss of proper WRN-
mediated recombination potentially allows greater utilization of aberrant, error-
prone recombination, which may be responsible for generating dysfunctional 
telomeres and cellular senescence or death. 
 
Although these studies only examined the helicase activity of WRN, it is 
unclear how the exonuclease activity may function in these processes.  Under 
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normal conditions used for in vitro WRN studies, others have demonstrated that 
WRN’s exonuclease activity disrupts D-loops [Orren, Theodore et al. 2002; 
Opresko, Sowd et al. 2009].  Limited studies from our lab have indicated WRN’s 
exonuclease activity is reduced in physiological salt conditions (data not shown), 
although we have not fully investigated a potential telomeric sequence effect on 
the exonuclease function.   
 
While the results presented in this study only indicate a stabilization 
function of WRN at T-loops, WRN may also promote the initial strand invasion 
and formation of these structures.  T-loop formation involves TRF2, a member of 
the shelterin complex [Stansel, de Lange et al. 2001].  TRF2, which functionally 
interacts with WRN [Opresko, von Kobbe et al. 2002], enhances WRN-mediated 
strand exchange of telomeric sequences in vitro (data not shown), supporting 
the notion that these proteins may cooperate to promote strand invasion of the 3’ 
overhang, generating T-loops.  In addition to TRF2, WRN functionally interacts 
with POT1, and each of these proteins stimulate one or more WRN activity 
[Opresko, von Kobbe et al. 2002; Machwe, Xiao et al. 2004; Opresko, Mason et 
al. 2005].  Limited studies to date have indicated POT1 neither enhances nor 
inhibits WRN’s helicase activity on G-telomeric model strand invasion 
intermediates (data not shown).  However, it is important to consider that TRF2 
or POT1 alone, or in combination with one or more of the six shelterin proteins 
may still alter WRN’s activity at model strand invasion intermediates.  Although 
these results indicate WRN may promote T-loop formation, additional 
experiments should be performed using an established protocol to generate 
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large T-loops [Stansel, de Lange et al. 2001] to determine if WRN alone, or in 
combination with TRF2, is capable of forming T-loops in vitro.  These results, 
which are supportive of a role of WRN in T-loop development, would suggest 
that loss of WRN reduces the number of these structures.  Therefore, T-loops 
could be counted in WRN-deficient and wild-type cells using electron 
microscopy. 
 
 Since the experiments performed here showed that WRN exhibited 
greatest preference for G-telomeric strand invasion intermediates in 
physiological salt conditions that are supportive of a secondary structure, the 
potential that G-quadruplexes and/or guanine hairpin structures enhanced WRN-
mediated unwinding was considered.  However, at least in the context of a 
model strand invasion intermediate, intramolecular G-quadruplexes did not 
mediate WRN’s preference for G-telomeric sequences.  Yet, sufficient evidence 
does not exist to conclusively determine how G-quadruplexes may influence 
certain biochemical activities.  Experiments using various methods to alter 
stability of any potential guanine hairpin, including temperature and sequence 
alterations, provided results largely supporting a sequence effect.  The difficulty 
in confirming hairpin formation of telomeric sequences prevented development 
of more certain conclusions; therefore, additional experimentation will be 
necessary.  For example, using lower temperatures to generate more stable 
hairpins, temperature-dependent electrophoresis has previously been 
demonstrated to detect guanine hairpins [Henderson, Hardin et al. 1987].  This 
method could be utilized to determine if the 3.5-repeat G-telomeric sequence 
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that conferred maximal WRN-mediated unwinding forms a guanine hairpin.  
Likewise, as temperature disrupts these DNA conformations, they absorb UV 
light differently.  Therefore, the 3.5-repeat human G-telomeric sequence can be 
analyzed for guanine hairpin formation by examining absorbance at differing 
temperatures, similar to a protocol performed previously [Henderson, Hardin et 
al. 1987].  These methods may also be used on other non-telomeric sequences 
that consist of greater G-rich character and thus, are likely to form more stable 
guanine hairpins. 
 
RELEVANCE OF RESULTS IN THE CONTEXT OF WERNER SYNDROME 
 
 These studies have provided additional evidence supporting a role of 
WRN in telomere maintenance and stability.  Specifically, these results indicate 
telomere replication may be inherently difficult as a result of secondary structure 
formation and the repeating nature of these sequences.  My results also support 
a potential role of WRN in promoting telomere replication by regressing blocked 
replication forks.  Furthermore, WRN possesses a three-repeat G-telomeric 
sequence specificity associated with the invading strand, particularly under 
physiological salt conditions, thus suggesting WRN may promote proper 
telomeric HR and/or T-loop development.  Biochemically, these functions 
support a potential function of WRN in not only in telomere replication and 
recombination but also telomere-end protection.  These roles are consistent with 
WRN protecting against the telomere instability associated with WS [Laud, 
Multani et al. 2005], which occurs as a result of telomere dysfunction [Crabbe, 
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Jauch et al. 2007] and replication defects [Lebel and Leder 1998; Pichierri, 
Franchitto et al. 2001; Poot, Yom et al. 2001].  Also utilizing previous evidence, a 
model was developed based on the results presented here describing how WRN 
loss may leads to the premature aging and cancer phenotypes observed in WS 
(Figure 6.1).  In the absence of WRN, frequent replication fork blockage within 
telomeric sequences, potentially as a result of G-quadruplexes, may lead to fork 
collapse and accelerated telomere loss, thus prematurely producing shortened, 
unprotected telomeres.  In a similar manner, loss of WRN may lead directly to 
premature telomere deprotection due to an inability to properly develop T-loops, 
producing free telomere ends and an enhanced potential for telomere and 
genomic instability.  Illegitimate recombination may also occur independently in 
the absence of WRN potentially generating additional instability, which along 
with loss/gain of tumorigenic regulators may lead to cancer.  Alternatively, a 
DNA damage response to unprotected telomere ends may induce cell cycle 
checkpoints, resulting in senescence or apoptosis, a proposed mechanism for 
the development of some aging characteristics.  Even though additional 
experiments need to be performed to fully conclude WRN’s role in telomere 
metabolism, these results provided additional clues to WRN’s potential function 
in telomere replication, recombination, and end protection.   
 188 
 
Figure 6.1  Graphic demonstrating downstream consequences of 
nonfunctional WRN.  Loss of WRN may lead to greater replication fork stalling, 
particularly at telomeres, due to G-rich secondary structures (G-quadruplexes), 
DNA damage, etc.  Without a functional WRN protein, more error-prone 
methods of telomeric recombination may occur at stalled or collapsed replication 
forks, leading to stochastic telomere loss.  WRN deficiency may destabilize T-
loop structures, exposing the telomere ends.  As a result of telomere loss and/or 
telomere deprotection, telomeres become dysfunctional and activation of cell-
cycle checkpoints render the cells non-functional through senescence or 
apoptosis, a pathway that results in premature development of aging 
characteristics.  Abnormal chromosomes can develop from short, unprotected 
telomeres, potentially leading to cancer. 
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RELEVANCE OF RESULTS IN CONTEXT OF NORMAL AGING 
PHENOTYPES (INCLUDING CANCER) AND IMPLICATIONS FOR DELAYING 
AGE-RELATED HEALTH PROBLEMS AND FOR CANCER THERAPY 
 
 While the proposed activities of WRN in telomere metabolism and 
protection are consistent with phenotype of WS, these results are also 
applicable to normal aging and cancer.  Although WRN acts to help maintain 
telomere structure and functionality, telomere loss still occurs throughout the 
lifespan of a normal cell due to the end replication problem [Watson 1972; 
Harley, Futcher et al. 1990] or as a result of replicative and recombinational 
inaccuracies.  Individuals with lesser WRN activity, potentially as a result of 
particular polymorphisms in the WRN gene or WRN silencing, may possess 
inefficient WRN-mediated metabolic functions and may age more rapidly than 
normal individuals.  WRN expression has also been reported to decline in blood 
cells with aging [Polosak, Kurylowicz et al. 2011], suggesting the potential 
metabolic functions for WRN discussed here may become less effective in older 
individuals and even greater telomere loss can result, particularly in combination 
with DNA damage.  Additionally, environmental DNA-damaging agents, such as 
UV radiation, generate bulky lesions on the DNA that can block replication, and 
my results suggest WRN may aid in the repair of these damaged sites.  
However, greater exposure to these agents increases the probability for errors 
during replication or even recombination and may contribute to greater telomere 
loss and earlier development of certain aging characteristics.  Regardless of how 
telomere loss occurs, critically short, unprotected telomeres may become 
 190 
recombinogenic as a result of fusing with another telomere end, thus 
contributing to a tumorigenic phenotype.   
 
 These results may also be applied to develop potential therapies to delay 
aging and treat cancer.  Long telomeres are likely to remain protected; therefore, 
expression of telomerase would potentially extend the replicative lifespan of cells 
and thus delay aging.  As a protein involved in preventing premature aging, 
increasing WRN protein levels may further delay the development of an aging 
phenotype.  My results suggest increased WRN protein levels may provide 
better telomere capping and enhance telomeric replication and recombination to 
maintain telomere structure and function.  A similar effect may be generated by 
enhancing WRN activity through post-translational modifications, such as 
acetylation, which serves to stabilize WRN in response to some types of DNA 
damage [Li, Wang et al. 2010].  However, based on these results, increased 
WRN activity would also be favorable for survival of some types of tumors.  In 
fact, some forms of cancers exhibit reduced expression of WRN but are more 
responsive to chemotherapy [Agrelo, Cheng et al. 2006; Kawasaki, Ohnishi et al. 
2008].  Traditional forms of chemotherapy damage DNA to block the replication 
machinery and induce apoptosis, but my studies implied WRN may counteract 
the effectiveness of these drugs.  Therefore, inhibiting WRN function in 
combination with chemotherapy may lead to more blocked replication forks, 
greater telomere loss, and greater apoptosis.  In the process of tumorigenesis, 
cancer cells activate a telomere lengthening mechanism, typically through 
telomerase activation [Wright and Shay 1992; Shay, Van Der Haegen et al. 
 191 
1993].  Therefore, eliminating telomerase and WRN together may lead to short 
unprotected telomeres, forcing these immortal cells to “age” and undergo 
apoptosis.  WRN also possesses a G-telomeric sequence specificity, as 
demonstrated in Chapter 5.  Thus, introduction of G-telomeric oligonucleotides 
into tumor cells will potentially compete with telomeres for WRN binding.  In 
addition, these oligonucleotides are capable of recruiting other shelterin proteins 
including TRF1 and TRF2 (if double-stranded telomeric DNA) or POT1.  
Eliminating WRN and other proteins potentially involved in telomere-end 
protection may induce apoptosis in tumor cells.  With these opportunities to 
develop new treatment regimens for aging and/or cancer, further research of 
WRN and telomeres may generate new possibilities for the enhancement of 
human health.   
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Deanna Nicole Edwards 2012 
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APPENDIX 
 
LIST OF ABBREVIATIONS 
 
53BP1:  p53-Binding Protein 1 
ATM:  Ataxia Telangiectasia Mutated 
ATP:  Adenine Triphosphate 
ATR:  Ataxia Telangiectasia and Rad3 Related 
BLM:  Bloom’s Syndrome Protein 
bp:  base pair(s) 
BS:  Bloom’s Syndrome 
BME:  β-mercaptoethanol 
BPB:  Bromophenol Blue 
BSA:  Bovine Serum Albumin 
CD:  Circular Dichroism 
cm:  centimeter(s) 
DMS:  Dimethyl Sulfate 
DTT:  Dithiothreitol 
dATP:  Deoxyadenosine Triphosphate 
dCTP:  Deoxycytidine Triphosphate 
dGTP:  Deoxyguanosine Triphosphate 
dNTP:  Deoxyribonucleotide Triphosphate 
dTTP:  Deoxythymidine Triphosphate 
EDTA:  Ethylenediaminetetraacetic Acid 
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EMSA:  Electophoretic Mobility Shift Assay 
FANCJ:  Fanconi Anemia, Complementation Group J 
G4:  G-quadruplex 
HR:  Homologous Recombination 
kb:  kilobase(s) 
Kexo-:  Klenow Fragment (3’ to 5’ exo-) 
mdeg:  millidegree(s) 
µg:  microgram(s) 
µL:  microliter(s) 
MEF:  Mouse Embryonic Fibroblast 
mM:  millimolar 
MMR:  Mismatch Repair 
NER:  Nucleotide Excision Repair 
NHEJ:  Non-Homologous End Joining 
nM:  nanomolar 
nt:  nucleotide(s) 
OD:  Optical Density 
PAGE:  Polyacrylamide Gel Electrophoresis 
PCNA:  Proliferating Cell Nuclear Antigen 
pM:  picomolar 
POT1:  Protection of Telomeres 1 
RAP1:  Ras-related Protein 1 
Rb:  Retinoblastoma protein 
RPA:  Replication Protein A 
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RTS:  Rothmund-Thomson Syndrome 
Sgs1:  Slow Growth Suppressor 1 
Tert:  Telomerase 
TIF:  Telomere-dysfunction Induced Foci 
TIN2:  TRF1-Interacting Protein 2 
TPP1:  Tripeptidyl Peptidase 1 
TRF1:  Telomere Repeat-binding Factor 1 
TRF2:  Telomere Repeat-binding Factor 2 
T-SCE:  Telomeric Sister Chromatid Exchange 
WC:  Watson-Crick base pairing 
WRN:  Werner’s Syndrome Protein 
WS:  Werner’s Syndrome 
XC:  Xylene Cyanol 
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